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Section 102 (a) (12) 


(a) The Congress declares that it is the 
policy of the United States that — 


(12) the public lands be managed ina 
manner which recognizes the Nation's 
need for domestic sources of minerals, 
food, timber, and fiber from the public 
lands including implementation of the 
Mining and Minerals Policy Act of 1970 
... as it pertains to the public lands... 





NUGGET EFFECT: 

The potentially large value- 
skewing effect that a single 
gold particle would have on a 
small sample as compared to 
the smaller effect that the 
same gold particle would 
have ona much larger 
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PLACER EXAMINATION TECHNIQUES 


BLM Course 3000-9 


OBJECTIVES: 

a Identify five of the precious metal placer types and alluvial processes 
related to each. 

Ze Identify and discuss major case law applying to placer claims. 

3. Apply sampling theory and practices to collect representative samples. 

4. Properly collect and process placer samples in the field and laboratory. 

5s Accurately calculate sample values and reserves, given data about a 
property and own calculated values from sampling. 

6G Accurately draw a sketch map of a. property showing sample locations and 
reserves. 

Ts Show preliminary value of ground and cost estimate calculations for the 


Crystal Hill Mine. 


Placer Examination Techniques 
BLM Course 3000-09 
1997 Final Examination Topics 


, & 
The 1997 Placer Examination Course will have a final examination. We anticipate that three hours will — 
be available for it. In 1996, most participants completed it in less than two hours. There have been 
some revisions since 1996, so the time it takes you may be less or more. 
Everything in the final examination will be based on the course content, which follows from the course 
objectives. The instructors will attempt to emphasize topics that will be included in the final 
examination. 
In general, you should expect final examination questions focusing on or including the following topics. 
® Sizes, legal aspects, and varieties of placer mining claims. 
i Dirtwork calculations. 
8 Process equipment sizing. 
8 Swell factors. 
a Any and all phases and aspects of placer sampling. 
a Designing bedrock drains. 
8 Resource value calculations. 
a Weighted averages. 


a Volumetric estimations. 


3000-9 EY, 97 


BLM NATIONAL TRAINING CENTER 
COURSE EVALUATION 


Placer Examination Techniques 
Spunge i vo? 














Your Name Title 
Duty Station GS Grade 
All sessions attended? Yes No (explain if no) 


ee ee ee ee. eee SC. _O.R.oDOO I< 


General Notes: We really read all the course evaluations. Most of the worthwhile changes in this course have 
resulted from suggestions and ideas that originated in a course evaluation. The standard questions are used for 
statistical analysis and we appreciate your responses. The written responses are where we usually find the 
worthwhile ideas. Please take the time to prepare an honest and reasoned written evaluation. Don't try to 
complete it in the last few minutes just before class ends, and don't worry about hurting anyone's feelings. All 
criticism is welcome, but constructive criticism and recommendations will be the most useful. This is your best 
opportunity to amplify any suggestions or problems that you might have discussed with the coordinator during 
the course. Your name is optional. But if you make a good suggestion, it is often helpful for us to contact you 
to discuss it further. As you complete this evaluation, remember that this course has a prerequisite of 3000-1 
(prior to 1984), 3000-13 (1985 and later), or equivalent experience with the support of your home office. 


Please circle the number that best reflects your reaction. Do not attempt to 
split a rating because it fouls up our analysis. Where ratings are split, we 
will assign the next highest number, good or bad. 


Low High 
ip Clearness of stated course objectives...........-.-- ‘dl 2 3 4 5 
ae Overall extent you believe objectives were met..... 1 a 3 4 a 
3% Overall instructional level of the course: too 
advanced (5),about right (3), too elementary holN) ome -< ik 2 s) 4 @ 
4. Extent that skills & techniques were new to you.... 1 zZ 3 4 > 
a. Overall applicability of skills/concepts learned 
to your present job. .....----- eee eee ee ee eee eee cees i Z 3 4 5 
6. Overall applicability of skills/concepts learned to 
probable future jobs, if for career development.... HE 2 3 = 2 
hate Course Length: too long (5), about right (3) 
SOPHO LES Ce a a heck oo Het o ee ee Hote ee tonite ne il Z 3 4 5 
8. Read the following content areas. Put an X next to the area you expect to be able to be useful to you 
on a regular basis while performing your present job and in future jobs as your career develops. Put 
an O next to the area that you don't expect to be useful to you while performing your job. 
Present Future Present Future 
Job Job Job Job 
a Placer Deposit Evaluation. ni» = Field Mapping. Lt he 


Kind Placer Sampling Procedures. — ss Placer Mine Cost Estimating. i 
a2 Amalgamation Z— 2m Sediment Control eu) 
Reserve Calculation —- —~ Reclamation Planning all 


|| 
|| 
|| 
Alluvial Placer Mapping Meths Be || —— Mining & Concentration Techs. ee 
[| 
|| 
[| 
|| —— Concentration Eqpt. Exer. kan 







































D aes A gen Hony * 
mp oy My mst v we =» Patel 
rat ae yet ty IrANy Fee aaah Mix 
a hey OP Pa 


hen _ yeaa 
- gsupinrtosT noissnimend elt 
. yn tipsy 4] AG ; 
The 1297 Placer Sarton Cone WB ROBE Va ork chee tat Bre 
4 2 ¢ t aM F y 
be avaiable for it, in 169%, pg dep ays oi ou “line sh i acive 
some PeVIBIONE se aE Ti ss eae A 


cojalivea.-Tha inatutorh ol tema sie 


HEIN AON, 








ee 


Nee ihe eer fi 
ever eneial, Ay ft T teariety aa taaleranee orp enn ey 
10+ bequ 918 enoitesup Insbnerm eT .nolteulaye weed a) Sala In aad! bow 


_ ot brig. viiguew ow eipyy sie agar 
ot vv ‘AGG AARNE aAAG Bb wate ne Teal 4910 OF omnis ert a 

tA jeoniiest ¢ ‘on yng orinnd tuods ynew f ‘nod bin 5 ented tani eas turticn wot tal 

edd woy Hee Be VASAT Bits ed iliwe scraltabriereionn yee malokhe svitguvengg wi 
grind yoreniboos ert dtiw beeeuseih ever tigint wey trit araetcdong enchesgyu? yne 

LOY Joss WL yy MN eA S17) noteaggue boog 6 salen: uoy Vi tye Serttiqe. bre 

r-OOOE to ditiupsew & ead sted ert! tedt wdmemen noteulavea Iahipeli sitar ted 

6 gay ein hOsee bo bonque. adt iw donemagxe Snel 10 , frees! bre becdal £t-D00E. 


fi T 
w Ie ww an rt a! yas by ann StmecAk He mM Praral wee): 2 
os feyenes 8 jon of .weitvaes seo otueliasy ve 4 sands sti aa 3 
Ria Lire ae , Reiter ox .eloyfaaa sao qe alwok 32 eanesed y 
‘pes hs ® =. 


OS” tad 40 bated , sedan ahaa aun 


* 
‘ 


ipstk wo] 
e ¢ Resource vel colduistions...-.. savistootdse setuon bateze ‘te meat 
y 3 ee terres: va anes: oatdo eveiled poy dastia te 
4 Vieloited ay oreaes oot ;geawoo afd tf Level [emetinuyzent 7 
Q Poe Ge .* (lL) yuectenelé oot (00) shpke: su0ds (2) B | 
& |b J. 6b |... 2 OF Wit 2a0W aenpLadned . a eilive jeay ; 14 
a iAiupete: ean aions bens axl esqgennor\alitde ae eee. eeu ‘ 
os bh $ - ee 2 9 4 be ow ahd oS) soe) oe © a 5 
Ach : 
ot ofthis af eigasaqga\elizde he gerte 
é > € S$ . ..+.tiegqeteveb geeven sob bi acetone 
(©) Jaeia soqdea ,1%) paat ood © ir 
bh S S { é2 een : 
f ean | 
‘ 7 2 <)\ Se toe —_ 
er ; } : ep fj ; a % a yen 


BOY OF lutwey edt oF ‘dee ed 02 tosqxe voy save ail oF ‘ik ines sce Whabhion ue 


mr .2noteveb wees woy 26 eal onstul mi btw dol Temes WO! csc i ad 
ah Woy Qniemoiieg dlittw vOY oF eae od or pom on ere 


rf ; a 
z phew Tait ys 


Reel it 4p we 


owt 
vol, gs 
at ‘oriansin be 
a afosT neterunssn0d 2 goin 
ak pairemnined reo) oni weaaty ba ton: | 
: } "i : ae oe a ei vine sh pS fee (pt 
oe i ‘ 1 "he oF iV ii ey ’ * , hy eee ~ ye aah rey 7 gv 


Thy 
ia din 
la 
; ; TW 
" d ie 7 ° 5 wae ; 7 > ‘ay ; i r 


10. 


This course was designed around the following overall objectives. Please 
indicate with an X those objectives you feel prepared to perform now, and 
an O those objectives you feel prepared to perform with initial assistance. 


Identify five of the precious metal placer deposit types and alluvial 
processes related to each. 

Identify and discuss major case law applying to placer claims. 

Apply sampling theory and practices to collect representative samples. 
Properly collect and process placer samples in the field and laboratory. 
Accurately calculate sample values and reserves given data about a 
property and own calculated values from sampling. 

Accurately draw a sketch map of a property showing sample locations and 
reserves. 

Show preliminary value of ground and cost estimate calculations for the 
field exercise property. 


Feedback to the instructors: 


Circle the number that best describes how well the instructor performed in each 
category. Not all categories may be applicable to field instructors. Use blank instructor 
blocks for instructors added after this evaluation was printed. Do not split ratings as it 
fouls up our analysis. Where ratings are split, we will assign the next higher number, 














good or bad. 
Instructor: Don Keill. Poor Aver. Excell. 
[A] Encouraging and Answering QuestionsS.........-+---+---- af 2 3 4 5 
([B] Using relevant subject matter examples..........---- nl 2 3 4 5 
[C] Involving me (and others) in participative examples. 1 2 3 4 5 
[D] Reinforcing critical learning points........--.+---- i 2 3 4 5 
[E] Using teaching aids (overheads, flipcharts, 
videos, handouts, and equipment) ........-sseeeeeeeee 1 3 4 5 
[F] Pace of presentation: 1 = too slow, 5 = too fast.... 1 3 4 5 
Instructor: Bob Lewis. Poor Aver. Excell. 
[A] Encouraging and Answering Questions.........--++---- af 2 3 4 5 
[B] Using relevant subject matter examples.........-.--- ah 2 3 4 5 
[C] Involving me (and others) in participative examples. a 2 3 4 5 
[D] Reinforcing critical learning points...........----- af 2 3 4 = 
[E] Using teaching aids (overheads, flipcharts, 
videos, handouts, and equipment)..........-.2----2ee- “i 2 & 4 5 
[F] Pace of presentation: 1 = too slow, 5 = too fast.... 1 2 3 4 5 
eee nnn, 
Instructor: Mitchell Leverette Poor Aver. Excell. 
[A] Encouraging and Answering Questions.......---+--+++--- vi 2 3 & 5 
([B] Using relevant subject matter examples........-.---- 1 2 3 4 5 
[C] Involving me (and others) in participative examples. 1 2 3 4 5 
[D] Reinforcing critical learning points..........-.---- a 2 % 4 5 
[E] Using teaching aids (equipment, hands-on 
assistance, etc.)...... See es sa ee fe Se a 1 2 3 4 5 
[F] Pace of presentation: 1 = too slow, 5 = too fast.... 1 2 3 & 5 
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10. Feedback to Instructors, continued 


ee a. eee 




















Instructor: Robin McCulloch (Equipment & amalgamation). Poor Aver. Excell. 
, [A] Encouraging and Answering Questions...... eee rsecees 1 2 3 4 = 
@ [B] Using relevant subject matter examples......----2-eeee- 1 2 3 4 5 
[C] Involving me (and others) in participative examples. 1 2 3 4 5 
[D] Reinforcing critical learning DO LNCS s cies ss os Se @ whee 408 iv 2 i) 4 5 
{E] Using teaching aids (overheads, flipcharts, 
slides, handouts, hands on assistance, etc.)....----- 1 3 4 5 
[F] Pace of presentation: 1 = too slow, 5 = too fast.... 1 4 5 
SEEeee eee Ee 
Instructor: Matt Shumaker (Equipment & bad jokes) Poor Aver. Excell. 
[A] Encouraging and Answering QuestionS.......-+-+--++--- al 2 2 4 5 
[B] Using relevant subject matter examples.......-2-e-e+-e- 1 2 3 4 =, 
[C}] Involving me (and others) in participative examples. 1 2 3 4 5 
[D] Reinforcing critical learning POLES ois so otese itis sis ane « 1 2 3 4 5 
[E] Using teaching aids (overheads, flipcharts, 
videos, handouts, when appropriate) .....---+-+++--++-- a4 2 &) 4 5 
[F] Pace of presentation: 1 = too slow, 5 = too Le. Chee eee 2 3 4 5 
ES 
Instructor: ; aE POOTr Aver. Excell. 
[A] Encouraging and Answering Questions........-----++--- af 2 e) 4 5 
[B] Using relevant subject matter examples.....--------- 1 2 3 4 5 
[C] Involving me (and others) in participative examples. 1 2 3 4 5 
[D] Reinforcing critical learning points.......---+----- ak 2 3 4 5 
[E] Using teaching aids (overheads, flipcharts, 
videos, handouts, aS appropriate) .......----eeeeeeee at 2 2 4 5 
[F] Pace of presentation: 1 = too slow, 5 = too PA St ceeranecerrd e, 3 4 5 
ES | 
Instructor: 2) TeOOs Aver. Excell. 
[A] Encouraging and Answering QuestionS......--+-+++-++--+:s 1 2 3 4 5 
[B] Using relevant subject matter examples......-------- _ 2 3 4 5 
[C] Involving me (and others) in participative examples. 1 2 3 4 5 
&) [D] Reinforcing critical learning points.........------> 1 2 3 4 5 
[E] Using teaching aids (overheads, flipcharts, 
videos, handouts, aS appropriate) ......-----e-eeeeeees ai 2 3 4 5 
[F] Pace of presentation: 1 = too slow, 5 = too fagt. sis + 2 3 4 5 











in Why did you attend this course? Check all that apply by numbering them in 
priority order. 
Improve performance in my present position. 
Learn critical new skills. 
Maintain performance in my present position. 
Meet mineral examiner certification training requirements. 
Learn new information for a new position of responsibility. 
Other (describe) 





12. Were the course topics sequenced logically? Yes No 
If not, how should they be sequenced? 


eee 


a 


a3 Which subjects covered in the course would you regard as the most valuable to 
your job? (briefly explain why) 


ee 


i 


a 


14. Which subjects covered in the course would you regard as the least valuable to 
your job? (briefly explain why) 






































15. Did the information presented in this course meet your expectations and needs? 
If not, why? 

16. Describe any changes you will make in your job because of this course. 

ad What topics should have been added or given more emphasis? 

18. What topics should have been deleted or given less emphasis? 

19. If you were to redesign this course, what changes would you make and why? 





ZU; What parts of the notebooks should have been omitted? 


eee ee 
eee ee 


ne eee 


fag Ip Comments on transportation and lodging? 


eee ee ee ES eo 


22. Do you believe that NTC should conduct a course on watershed and wetland 
rehabilitation, which would include placer mine reclamation? Yes? No? Explain. 


ee Oe eee 
ee eee ee 


ee 00 


Zor We hope to redesign this course to reduce the amount of time that students 
spend in travel status. Other than going to a 24 hour training day, a potential 
approach is through distance learning, which can encompass many training 
methods. These include correspondence courses, advance assignments, 
interactive CD-ROM, real-time satellite broadcasts, etc. 


A. What parts of the segment you've recently completed do you think 
would lend themselves to distance learning methods? Would you be able to 
devote the necessary time at your home duty station? Be realistic, and include 
your home office work load in your thoughts. 


De eee ee ea at TE a 
O_O 


er 


B. What delivery methods (i.e., satellite broadcasts, self study, video, 
audio tape, CD ROM, etc.) would you be most responsive to? Costs are also a 
consideration, and there are many hidden costs. For example, satellite time at 
$900-plus per hour plus equipment costs can be cost effective with a large 
enough audience. 


eee 
Oe ee re ee 8 eee 


pe ee eee 


If you have additional comments (such as to amplify answers from the standard 
questions at the beginning of this form) or suggestions, please use the back of this page 
or additional sheets of paper. It's a good idea to reinforce any verbal suggestions that 
you might have made to the coordinators in writing here. 














Mining Law 


Overview. 


EMPTY SECTION 











Keill’s Lesson 
Plan Cutline 

















9 ESSON PLAN TWO: PLACER DEPOSITS 


JBJECTIVE: 


94 


LIST AND DISCUSS MAJOR CASE LAW APPLYING TO PLACER CLAIMS 


TIME Zh 
I. 
426 min. II. 
30 
A. 


BREAK 


Introduction 


Case law is a very complex subject as 
you are aware and a brief discussion 
would take a week or more. We will 
highlight the major laws or decisions 
that afffect placer operations only. 


Case Law Overview and Summary 


What is a profitable mine? a paying 

mine? question 
class 

a. Castle vs. Womble, 19 LD 455, 1894 


How much is the quantity and at what 
quality? 


a. large yardage/ low grade? 

b. low yardage/ high grade? 

c. effects on cost estimates? 

d. what environmental costs apply? 
Murdock, 65 IBLA 239 (1982) 
McKenzie, 29 IBLA 270 (1977) 


What constitutes a discovery? 


a. is there a difference between 

validity or a patent application? 

b. quality of mineral or quantity? 

c. how much does the examiner do to 

verify the discovery, dig a lot or 

collect from open exposures only? 
CIBLA Anderson derision) 

d. price fluctuations or spot price? 
(re. Pacific Coast Molybdenum) 

e. best intentions of the claimant? 

f. amount of equipment on site or 

owned by the claimant or partners? 

g. suitability of the mining method or 

proposed method or one developed by the 

field examiner”? 


15 MINUTES AT END OF 60 MINUTES OR AS NECESSARY 


1 


write answers 
on board 














}o~- D. Claim size and the 10 acre Rule 


a. acres in size per locator, 160 acres 
maximum with 8 locators 

b. state law may further limit size 

c. are to be in cardinal directions unless 
located as a gulch placer ' 
d. one discovery holds each claim 

e. each 10 acres must be mineral in character 

f. claim must be divided perpendicular to 

long dimension as equal as possible 

g. must sample each 10 acres unless geology 

is continuous and consistent. 

h. examiner may sample more than once per 

10 ac. if claimant requests or examiner 

determines a need. 





pH mia E. Mineral Character 


a. definition of, see Southern Pacific Co. 
71 ID 224,233, (1964) | 

b. evidence supporting mineral character 
Southern Pacific Co. 251 US 1,14 (1919) 
and other cases 

c. discovery vs. mineral character 

d. mineral character and 10 ac. Rule 

e. mineral character and quantity of mineral 
required to justify cost of extraction 











Example Problem: 

20 ma. 2 20 acre placer claim has a clear discovery on 
one 10 acre portion. Two samples were collected 
from the second 10 acre part. One sample had 
values above the mining cost for the property and 
the other was below the operating cost. 


Is the second 10 acres mineral in character? WHY? 


10 min. QUESTIONS AND DISCUSSION 


END LESSON TWO 


BREAK 15 MINUTES AT END 





Nh 


i) LESSON PLAN ONE 


COURSE TITLE: PLACER DEPOSITS 


TOTAL TIME: 2 HOURS 


OBJECTIVE: IDENTIFY FIVE PLACER TYPES AND THE ALLUVIAL PROCESS RELATED TO 
EACH 


TRAINING AIDS: 


EQUIPMENT, MATERIALS, REFERENCED: 


TIME SUBJECT MATTER METHOD INSTRUCTOR 
ACTIVITIES 


=_ Do a ee ee Se eS SS SSS SSS SSS SSS SS SSS SSS SSS SSS eEEe= == 
ee ee ea ae ee ee SS eee == 


40 Min I. Introduction 
Placer: a) deposits of minerals that Lecture 
are not in placer; b) deposits of 
detrital materials containing valuable 
concentrations of minerals. 


Prerequisite: 
1. valuable heavy mineral 
2. resistant to weathering and abrasio 
3. released from parent material 
4. concentration in zones or deposits 


question class 


list on boara 


| Formation: Each placer is unique from all emphasize 
others in one or more ways. The 
richness and size of each is more 
dependant on abundant source materials 
and favorable concentration conditions 
rather than richness of the source. 


of Sampling 


Sources: 
1.  lode-veins or disseminated 
2. erosion of paleoplacer source 
3. reworking of glacial material 
4. magmatic segregating 


i. ground water (solution) 

2. temperature differential 
biological and chemical 

eolian (wind) 

normal stream flow equilibrium 
bed scour and agitation 

. storm/flood transportation 

Y .  paleontopography vs. present 


| 
| Weathering and erosion processes: 
| 





ONA MN FW 


= i I OE Tie A I TO A TT a ae 


hr 





Concentration: 


1. bedrock (fractured, jointed, 
clay weathered rocks = best; smooth, 
hard, flat laying = poor) 

2. false bedrock layers 

3.  paystreaks/ sinuous enrichments 

4. flood concentrations (many thin 
layers) — 


Preservation: 


II. 


1. abandonment of channel 

2. rapid downcutting 

3. regional uplift 

4. rapid burial (avalanches, landslides, 
slumping, volcanic flows, flood 
events) 


Types of Placer Deposits Lecture 


Residual - near lode, crystals, wire, 
no transport, shallow depth, very rich, 
pocket concentrations 


Eluvial - creep transition between 
residual and colluvial, subangular 
xtls, wire, transport: 10s of feet, 
depth ,20 feet, very rich horizontal 
deposits. 


Alluvial - sorted, transported and 
deposited by water. 

a. gulch - single cycle of erosion 
transported and deposition, poorly 
sorted, discontinuous paystreaks, high 
boulder content, ephemeral, steep 
streams, well conc. on bedrock, 

narrow, coarse nuggets, subangular. 

b. creek (stream) - sorted or resorted, 
rounded gravels, moderate grade, define 
paystreaks, narrow to wide, 
concentration on bedrock, may be 
vertically graded,false bedrock, 
subangular to rounded nuggets, moderate 
boulder content 

c. river - resorted, flattened and 
rounded gravels, low gradient, long 
continuous paystreaks, disseminated 
vertically, false bedrock, low grade, | 
conc. on upstream end of bars, fine, | 
flattened flakes and grains of gold 
mined by dredges or large scale methods. 
ad. gravel plain - large deposits, 
flood or deltaic deposits, disseminated | 
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- 10 min 


throughout, fine sized gold, flattened 
wide discontinuous paystreaks, may 

not be amenable to mining. Yuba River 
e. flood deposits - high velocity 
events very poor sorting, shallow depth, 
very fine gold size (5000 pr 1 mg), ski 
bars, usually not minable, Snake River 
deposits. 

f. bench - remnants of earlier alluvia 
processes, rapid downcutting, uplift, 
usually richer than present stream 
deposits, coarse, angular to rounded 
gold, discontinuous paystreaks, false 
bedrock. Many present operations 
mining benches. 

g. buried - rapid increase in bedload 
volcanic flows, ie. "Tertiary gravels" 
isolated from present stream or 
topography, cemented gravels, well 
weathered. 

h. desert - aka. "bajada", high 
velocity storm events, bedload scouring, 
very angular gravels, poorly sorted, 
surface enrichment due to wind, erratic 
distribution generally, conc. on bedroc 
near toe of mountains. 

i. beach - wave and current breakdown 
and conc., very fine close size 
particles, rich in heavy minerals, 
erratic, lenticulas shape, no channels, 
thin, flat gold. — 

. glacial - erratic distribution, 
high boulder content, subangular 
nuggets, smooth bedrock, low value, 
variable paystreaks. 


QUESTION AND DISCUSSION 
How Thorough Should an Examination Be? 
END LESSON ONE 


BREAK - 15 MINUTES 
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COURSE 


LESSON PLAN THREE & 





TITLE: PLACER DEPOSITS 


TOTAL TIME: 1-2 HOURS 


OBJECT 


IVE: APPLY SAMPLING THEORY AND PRACTICES TO COLLECT A REPRESENTATIVE 
SAMPLE 


TRAINING AIDS: 


EQUIPM 


90 min 


ENT, MATERIALS, REFERENCED: 


SUBJECT MATTER METHOD INSTRUCTOR 
ACTIVITIES 


I. Introduction 


"Placer samples provide limited information 
and the examiner must use the powers of 
deduction and experience based upon judgmen 
to correctly evaluate placer properties... 
rather than a rigid application of formulas 
and procedures." 

--John Wells, Placer Examination, Tech. 

Bulletin #4 





II. Sampling Theory 


Developed over the last 20 years through th 
work of Pierre Gy and Franis Pitard and 
others. They have taken the intuitive and 
sometimes biased approach to sampling and 
have developed a theoretical mathematic 
approach and are developing the practical 
applications of the theory to field 
practices. This is giving new ways of 
collecting samples, collecting more 
representative samples and reproducible 
results. 


Main concern in sampling theory and practic 
is obtaining a representative and accurate 
sample. 











Sampling is a selecting process. 


Two categories: 

Probabilistic Non-propabilistic 
all elements submitted not prime reason 
for selection for selecting 


have given probability deterministic (grab 
of being selected purposive (chip or 


work will on compact typical of particul 
ore bodies materials 


great difficulties 
to implement correc 
sampling 


well studied by 
geostaticians 


4. Non-probabilistic sampling: 

-no theoretical approach 

-sampling errors are large enough to depriv 
sample of any practical value 

-still taught and used in commercial 
sampling, mining evaluations, process 
control and pilot plants 


a. Purposive sampling (chip or shovel) 
-operator selects the sample from the 


most accessible or easiest to collect. 


-accuracy depends on the operator’s 
choice 
-operator is not uniform or consisten 
-human nature is biased depending upo 
what is trying to be proven. 
-generally the sample is not accurate 
representation of material. 

b. Deterministic sampling (grab auger, 
bias) 

-collecting of increments from the mos 
easily accessible part of the lot wit 
hands, shovels, scoops, splitters. 

-because one recognizes there are 
variances within the lot the person 
collecting the sample tries to take 
aS many increments as is practical. 

-a large portion of the lot is 
systematically kept away from the 
sampling tool or procedure: 
Serpotromeorea Cruckor rail car 
* bottom of a drum 
* center of a conveyor belt 
* center of a pile or loader bucket 

-use of probes, augers, drills, etc. 
only amount to improve grab sampling 
tech. 


OH 7 


OH 


OH 


OH 


OH 


10 min 


oe on ea at ee Pe aN Sete | OS aie ae See eae 


-idea is to extract a complete and 
undisturbed column representing the 
lot at a predetermined point. 

-works only when the point is selected 
in a manner that is probabilistic, 
which is rarely done. 

-the sample point is usually 
pre-selected: 

* drilling the center of a barrel, 

* drilling a diagonal along a bag, 

* drilling from the top of a truck, 

* drilling from che. CopsoOL sa pi eva, 

-if these locations could be 
probabilistic, which is never the cas 
the results obtained never are correc 
-conclusion: grab sampling is not 
accurate because some portions of the 
lot have a zero chance of being 
selected and the probability of 
selecting between units making up the 
lot cannot be maintained constant. 

-doesn’t conform to the sampling theor 
as there is no way to keep track of 
all the various sampling errors. 

-the sampling will always be biased bu 
to an unknown extent. 

-this type of sampling gives indicatio 
of the value of ground or lot, not 
necessarily the true value. 


QUESTIONS AND DISCUSSION 
Conclusions: 


Samples seldom easy to obtain 

Generally samples should be large 

Sampling must follow a probabilistic system 
Some errors can be controlled, others canno 
Sample results may only give indication of 
value of the ground 

Distribution of values makes accurate 
sampling difficult 

High unit values magnify all other errors 
made in sampling 


END LESSON THREE 


BREAK - 15 MINUTES 


class 
discussion 


OH 10 


Ona 


OH 12 


Handout 3-1 
Handout 3- 














@) LESSON PLAN FOUR 


COURSE TITLE: PLACER CLAIM EVALUATION 
TOTAL TIME: 


OBJECTIVE: THE SUCCESSFUL. STUDENT WILL BE ABLE TO: 
PREVENT OR MINIMIZE SALTING PRACTICES WHEN COLLECTING SAMPLES 


TRAINING AIDS: 


EQUIPMENT, MATERIALS, REFERENCED: 


a ee eee eee eee eee esse ese s SSS SSS SSS SSS SSS SSS SS SS SSS SSeS 
See a eee ee ee ee ee a SS SSS ae 


TIME SUBJECT MATTER METHOD INSTRUCTOR 
ACTIV.LILES 
of Sampling 
A. Errors common to all Placer Environment 
Incorrect sample dimensions 
Faulty analytical procedures 
Salting 
Carelessness 
& Inaccurate measurements 
Drilling into a hard bottom 


Use of drilling correction factors 
Inaccurate logging 

Unsuitable drilling equipment 

Uneven distribution of values 

Not allowing for dilution and batters 
Ignorance 


Errors in Continental Placer Sampling 


Splitting samples 
Irregular-shaped pits and channels 


Errors in Transitional Placer Sampling | 

Grain counting 

Failure to recognize changes in 
lithology 


Errors in Marine Placer Sampling 


*Source: Alluvial Mining, By Eoin Macdonald, 


leohr Sampling Errors and the Reliability GP OH 1 
1983, pages 227-233. | 


Sampling Considerations Lecture OH 


1. 


Adequacy of size to obtain 
representive sample 

Uniform width and depth of channel 
from top to botton. 

Adequacy of sample to character of 
the ground. 

Spillage of sample while collecting. 
Spillage of sample while processing. 
Water washing bedrock just prior to 
collecting sample. 

Erratic collection of samples from 
backhoe bucket -- should sample ever 
bucket. 

Drill mast not vertical. OH 
Natural and introduced oils in the 
sample: avoid!! 

Soil running into drill hole: 
dilution 

Excessive reaming or bailing of hole 
prior to sample collection 
Inadvertent release of core holder 
(worn parts, carelessness, etc.) 
Overfilling collection containers 
and spilling sample. 

Dirty equipment of both applicant 
and BLM. Clean all tools and 


machines prior to running each sampl OH 6=6 


@ 





Adda Info 3-1 








® LESSON PLAN FIVE 


COURSE TITLE: PLACER CLAIM EVALUATION 
TOTAL TIME: 1 1/2 HOURS 
OBJECTIVE: THE SUCCESSFUL: STUDENT WILL BE ABLE TO: ; 
SELECT AN APPROPRIATE SAMPLE METHOD AND LIST ADVANTAGES AND 
DISADVANTAGES OF THE METHOD. 
TRAINING AIDS: 


EQUIPMENT, MATERIALS, REFERENCED: 


TIME SUBJECT MATTER METHOD INSTRUCTOR 
ACTIVITZES 
aevl ye I. SAMPLE METHODS Lecture OH 1 Line 4 
30-45 min 1. hand dug pits, trenches or shallow Discuss slide 25 
shafts 


a. advantages: 
1. good for shallow ground <8’ 


2. dug by unskilled workers Slide 26 
& 3. may permit resampling 
4. good estimation of boulders slide 27 
and character at the deposit 
5. no specialized equipment require slide 28 


6. good for remote locations 


b. disadvantages: 
1. ground must be dry, non-caving 
2. must have cheap labor 
3. time consuming Slide 29 
4. not practical for deep ground 


2. machine dug pits and trenches Slide 30 


a. advantages: 
1. quick and easy to change sample 


sites 
2. large samples possible Slide 31 
3. handle variety of placer ground slide 32 
4. channel or bulk sampling possibl slide 33 
5. character of ground observable 
6. wet conditions handled slide 34 
7. bedrock easily reached and Slide 35 


cleaned (generally) 


b. 


disadvantages: 

1. costly to operate 

2. require skilled operator 

3. limited digging depth for 
backhoes 

4. may disturb sample (unintentiona 
salting) 


Shafts - hand or mechanically dug 


a. 


b. 


advantages: 

1. good view of ground conditions 

2. good samples obtained 

3. well placed shafts may preclude 
other sample programs - can begi 
mining 

4. mechanized, relatively fast 
sinking rates 


disadvantages: 

1sehigh cost 

2. skilled labor required 

3. @ifficult to obtain accurate 


4. can’t be used in wet, running 
ground 

5. generally small diameter no room 
to work, 24-36" diameter 


samples 
drills - many types used - all have 
advantages 
a. Churn drill-oldest, most accurate, 


DE 


studies, reliable, drill all ground 
conditions, 100% recovery possible 
rotary-fast, drill medium depths, 
mixes sample, unknown recovery, rate 
vary with driller, 40-75%, machine 
auger-moderate speed, shallow 
ground, mixes sample, unknown 
recovery rates 

reverse circulation-fast, expensive 
recovery rates - approach 100%, 
drill deep ground 

resonant drill-fast, expensive 
varied recovery from zero to 100%, 
drill deep ground 

Banka/Empire drill-hand powered, 
shallow ground, all drilling require 
correction factors for recovery in 
order to accurately place a value on 
placer ground, plus or minus 
corrections 

Radford factors commonly applied to 
churn drills: must determine if a 


slide 


slide 
slide 
slide 


slide 


slide 


slide 


slide 
slide 


slide 
slide 


slide 
slide 


slide 


36 


37, 
38 
a9 


40 


41 


42 


43 
44 


45 
46 


47 
48 


49 











eles 


factor was used when evaluating old 
drill logs. Examples: churn drillin 
with ground run-ins, rotary air 
return-damp ground 


Dredges Covered 
a. suction dredges - value per time, Video/de 
not yards processed - need well 
sorted material, special apparatus 
required 


Sample Site selection 
a. @rill holes - ask claimant 
1. fence - row of holes perpen- 
dicular to paystreak 
2. random - best site selected by 
geology, etc. factors 
3. grid pattern - define limits on 
sides of pay 
b. existing exposures - intentional and 
unintentional, salting may be a 
concern 
c. geophysical anomalies - aerial, 
magnetic, electrical, seismic 


a. intuition or "hunch" witching 


Record sample data in field: 


field guide and checklist for placer 
examinations See fiel 
field notes "rite in rain" notebook - 

estimated quantity of Au. recovered 

BLM Form 3842-1, 3842-2, 3842-3 

photographs, number with index card in 

picture . 

double bag concentrates when 

transporting 


BREAK - 15 MINUTES 


Lit. 


Field Sampling - may use a variety 
of methods all on one property, must 
be familiar with them all 


Channel samples: must 

a. be uniform in width and depth 

b. collect representative amounts of 
all size fractions 

c. be collected without being salted, 
intentional 

ad. be taken in ground that does not cav 

e. be collected quickly if water flowin 
into sample area 


others 
nstration 


slide 


slide 
slide 


slide 
slide 
slide 
slide 


One. 


50 


checklist 


OH 2 
OH 3 


OH 4 


slide 


slide 


slide 
slide 


ah | 


60 


61 
62 


IV. 


Backhoe bucket samples 

a. must take equal portions of bucket 
or consistently from same part of th 
bucket to avoid salting: unintentiona 

b. collect representative sample of 
all material 

c. may be collected from wet or dry 
conditions 


Bedrock samples 

a. collected as a "check" sample from 
the actual mining area 

b. hard to determine exact value per 
yard 

c. must have dry conditions 


Bulk samples 

a. time consuming to process 

b. most valid value of ground obtained 
c. require assistance of many employees 


Drill samples 

Generally collected in a dump or mud bo 
from which the sample flows into a 
bucket and fines and slimes are floated 
off. The volume is measured in the 
bucket and used in the calculations for 
value per yard. Weights also kept of 
the sample as a check 


Field Processing: 

Make sure all equipment is present and 
in good working order. Valves working, 
engine oil and filters - clean, tool 
kits and spare parts are along. May us 
any or combination of: 


Large volume sampling 

1. panning: use 12" or 14" gold pans 
and pan in a 16" safety pan inside 
a shallow flat tub, tiring, light 
weight 

2. rocker box: use smooth motion; don’t 
splash water in; make sure there are 
leaks along the riffles or side 
boards, tiring, light weight 

3. E-Z Panner: vibrating screens 
oscillating riffles good on easy 
washing gravels, poor in clay rich 
Removable riffle drawer. Good for 
other minerals (e.g. tin, nuggets, 
garnets, etc., heavy weight) 

4. Gold Saver: trommel screen, 
oscillating riffles, good in clayey 


Exercise/ 
on locati 
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END 


gravels and easy washing gravels, 

easy to modify spray bar to 

enhance washing ability, difficult 

to remove riffle tray, heavy 
Elevated sluice box: convertible to 
suction dredge or for use on dry land 
easy to clean up; poor washing of 
clayey material, simple to operate, 
light weight. 


Small volume samples 

1. gold pan. See No 1 above 

2. Micro sluice: small size, very light 
weight, indoor use recommended, slow 
feed, sensitive to changes of slope 
or water flow. 

3. Gold Wheels - bulky, medium weight 
require semi-controlled environment 
needed, sensitive to changes of 
slope or water flow. 


Bag all concentrates in "Ziplock" bags 
with any free gold extracted and placed 
in a 4 dram vial. Mark bags with water 
proof marker and place in another bag 
for protection. 


Secure all samples in a location not 
accessible to others. 
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LESSON PLAN FIVE-A © 


COURSE TITLE: PLACER CLAIM EVALUATION 


TOTAL TIME: 
OBJECTIVE: THE SUCCESSFUL STUDENT WILL BE ABLE TO: 


LIST EFFICIENCIES OF VARIOUS RECOVERY DEVICES AND LIST WAYS TO 
INCREASE SAMPLE RECOVERY EFFICIENCY 


TRAINING AIDS: 


EQUIPMENT, MATERIALS, REFERENCED: 


TIME SUBJECT MATTER METHOD INSTRUCTOR 
ACTIVITIES 
30 min V. Efficiency of the Equipment and Samplin 
Methods OH 5 


A. Percent of Recovery by Type of Equipmen 





Hand Shovel - 100 unless large run 
Suction Dredge - 70-80 
Backhoe Buckets - 90-100 A 
Auger - 20-50 © 
Banka Drill - 0-100 
Hand Churn Drill - 90-100 needs 
correction factors 
Light Churn Drill - 90-100 needs 
correction factors 
Heavy Churn Drill - 90-100 needs correcti 
correction factors 
Hand Dug Cassions - 80-100 needs 
correction factors 
Machine Dug Cassions - 80-100 
Drill-Percussion - 80-95 needs 
correction factors 
Drill-Rotary - 40-75 needs 
correction factors 
Drill-Reverse Circ. - 90-100 needs 
correction factors 
Drill-Vibratory - 80-90 needs 
correction factors 
Drill-Resonant - 95-100 needs 


correction factors 





‘ 
@ 


B. Efficiencies of Sampling Devices OH 6 


Gold Pan - nuggets to 100 microns 
98-100% 


Sluice Box: 


Hungarian riffles - nuggets to 200 mesh 


70-80% 

Chinese riffles - nuggets to 200 mesh 
80-90% 

Regular riffles - nuggets to 100 mesh 
50-90% 

Expanded Metal - -28 mesh to 400 mes 
90-98% 

Rocker Box - nuggets to 200 mesh 
75-90% 

Gold Saver - -1/4" to 100 mesh 

(trommel) 85-92% 

E-Z Panner - -3/4" to 200 mesh 

(vibrating screen) 85-96% 

Air Bellows - -1/4" to 100 mesh 

(dry washers) 70-85% 

Spiral Wheel - -20 to 250 mesh 

(goldhound) 80-90% 

C. How to Increase Efficiency OH 7 


Sluice Box: increase grade from 
Mel 2 yu ec el) eae 


Increase water percent of feed slurry 
90% + (i.e. decrease density of feed) 


Add a wetting agent: soap or shampoo 
Aad an acid (dilute) to feed water 
Classify feed by screening 
D. Alaska & Canadian Studies OH 8 Add. Info 


of riffle and sluice efficiencies OH 9 
OH 10 Add. Info 


BREAK 


LESSON PLAN SIX @ 


COURSE TITLE: PLACER DEPOSITS 


TOTAL TIME:” “1 #1/2-HR 


OBJECTIVE: ACCURATELY CALCULATE SAMPLE VALUES AND RESERVES, GIVEN.DATA ABOUT 
A PROPERTY AND USING OWN CALCULATED VALUES. 


TRAINING AIDS: 


EQUIPMENT, MATERIALS, REFERENCED: 


TIME SUBJECT MATTER METHOD INSTRUCTOR 
ACTIVITIES 


5 mins I. Introduction 


By convention, most placer samples are 
reported in grams or milligrams per uni 
of measure, whether this is yards, 
bedrock feet or foot of drive with a 

co egdis bai 


Also, almost all calculations for a 
placer property relate to the bank run 
volume. This is very important to 
remember, as some sample values may be 
from a loose measure sample lot, i.e. a 
pile or pilot plant run. Other samples 
on the property may be measured or from 
a known volume of bank material. 





The most common means of measuring 
sample size are: 
1. pan measurements, approximate 


average: 

12" = 400 per yard 
14" = 250 

16" = 180 


2. weight measurements: 
must know what type of rock is 
present then, look up weight per yar 
from excavation tables or, weigh a 
typical sample in a 1 cubic foot box. 


3. volume measurements: 


measure actual size of excavated hole, Add@ Info 6-2 
pour drill cuttingsintolatcaidabrared 
bucket, or pour a known amount of & 





water down a drill hole and calculat 
the volume based upon depth differences. 


10 min 


10 min 


15 min 


NOTE: All values reported are actual. 


recovered milligrams of gold and 
fineness is not factored into the 
calculation. In placer evaluation, 
fineness is a factor only when the 
product is marketed. There may be a 
recovery factor for the processing 
equipment that is considered when th 
reserves and mining costs are 
calculated. 


CAUTION: If you calculate $/yard from your 


sample data, do not use the fineness 
again to calculate recovered 
milligrams in an ore block. It is 
better to calculate all values in on 
unit or the other ($/yard\3 or 
mg/yd\3) and then convert any needed 
values at the end of the calculation 


VALUE CALCULATIONS 


ORE 


. See page V-7 in Mineral Examiners 


Handbook 
RESERVE CALCULATIONS 


See pages V-1 - 6 in Mineral Examiners 
Handbook 


1. Block Method 


aka. average end area method. 

works well with spaced holes or samples 
in a line across the width of the 
deposit. Method is fast and accurate 
for uniform shaped deposits where the 
whole area will be mined. 


2. Triangle Method 


Works well in irregular shaped deposits, 
in that areas of lower value may be 
excluded or averaged with higher 

valued blocks to even out the mining 
grade. Also averages out erratic 
values of samples in that at least one 
high value must be tied to one low valu 
to form the corners of each triangle. 
The triangles cannot be formed by only 
high or low value holes. 


OH 


DHA1 2,8 


OH 


OH 











min 3. Polygon Method 


Works well in irregular shaped deposits, OH 
in that areas of lower value may be 

excluded or averaged with higher valued 

blocks to even out the mining grade. 

Also averages out the erratic values of 

samples in that the sample value’s area 

of influence is the distance half way 

to the adjacent hole or sample. 


A disadvantage is that either the sampl 
site’s area of influence must by 
measured in the field accurately or 
drawn on a map accurately so that a 
planimeter can be used to calculate the 
area of influence. 


15 min 4. Kriging 


A geostatistical grade interpolation OH 
method that calculates the grade of a 
block as a linear combination of the 
grades of nearest samples. Gives good 
estimates where the sampling grid is 
very irregular and where the continuity 
of the mineralization is different in 
alternate directions. Through the use 
of variograms models, kriging develops 
optimal weights to be applied to each 
sample in the vicinity of the block 
being estimated. Kriging utilizes thre 
dimensional locations of samples and 
works best when there is irregular dril 
patterns or highly anisotropic ore 
bodies, in particular, disseminated lod 
gold or copper properties. 





10 min QUESTIONS AND DISCUSSION 
END LESSON SIX 


BREAK - 15 MINUTES 





COURSE TITLE: 


TOTAL T 


IME: 


OBJECTIVE: 


8 


LESSON PLAN SEVEN 


PLACER DEPOSITS 


HRS 


ACCURATELY DRAW A SKETCH MAP OF A PROPERTY SHOWING SAMPLE LOCATIONS 
WORKING AND RESERVES. 


TRAINING AIDS: 


—————— 
—- = = = SS Se = SS SS SS SSS = SSS 555555558588 


4 hrs 


nr 


Introduction 
Crystal Hill mine and Malakoff Diggings 


Divide the students into work groups. 
Describe general outline of the work 
area and claim corners. 


Describe what requirements are expected 
in the mapping exercise: 

workings 

surficial geology 

gravel reserves by type 

sample locations 

sketches of sample site or photos 


Allow students to work at own pace and 
complete mapping exercise 


Walk around to each group and monitor 
activities and answer any questions or 


provide assistance in completing the 


exercise. 


LUNCH BREAK 


Informal discussions of progress and 
problems that are being encountered. 


Describe the sample site selection and 
evaluation exercise for next lesson: 
sampling. 


QUESTIONS AND DISCUSSION 


What was seen? 


METHOD 


INSTRUCTOR 
ACL LLrs 


__ ee ee SS SS SS SSS TSS SSS SS SE SS SS = 
ae 





3 hrs 


What type of alluvial processes are present: 
What type of sample program is indicated? 
Mining methods practical and or appropriate? 


What questions do you have to ask the 
claimant about the operation? 


AFTER LUNCH 


Continue Field Mapping and sample site 
selection 


BREAK AROUND 4:00 pm 




















& LESSON PLAN EIGHT 


COURSE TITLE: PLACER DEPOSITS 
TOTAL TIME: 8 1/2 HOURS 


OBJECTIVE: PROPERLY COLLECT AND PROCESS SAMPLES IN THE FIELD. 
TRAINING AIDS: 


EQUIPMENT, MATERIALS, REFERENCED: 


TIME SUBJECT MATTER METHOD INSTRUCTOR 
ACTIVITIES 


I. Introduction 


Return to mine and review previous 
days lesson. 


2oymiTi Have students remain in previous work 
groups 
Describe general operation of the Place 
Trailer and on-board equipment. 


® Describe what requirements are expected 
in the sampling exercise: 

channel samples 
micro-geology of sample site 
sufficient sized sample 
sample locations 
sketches of sample site or photos 
Proper processing in Gold Saver and 
Prospector II 


Aenrs Allow students to work at own pace and 
do sampling exercise. Also, continue 
mapping of the property. 


Walk around to each group and monitor 
activities and answer any questions or 
provide assistance in completing the 
exercise. 


ATR 5 a LUNCH BREAK 


Informal discussions of progress and 
problems that are being encountered. 


Describe the sample site selection and 
os) evaluation exercise for next lesson: 
sample analysis 


AFTER LUNCH 








> hrs CONTINUE: field mapping and sample collecti 


Demonstrate portable seismograph and | 
allow students to use if they desire. 





Have students rotate through as they 
finish the sample collecting. 





Demonstrate operation of the Gold Saver | 
and Knudsen Bowl 





Describe proper care and operation of 
the trailer and related equipment. 


Have student groups begin processing of 
their collected samples. Remainder of 
groups may watch operation or continue 
mapping or sample site evaluation. 


BREAK AROUND 4:00pm 





QUESTIONS AND DISCUSSION 


What was seen? 





What type of equipment is preferred? 





Chain of custody? 


Prevention of salting of samples, 
intentional and unintentional? 


What type of sample program is 
indicated? 


Mining method costs, value of the groun 
and reserves? 


What additional questions do you have t 
ask the claimant about the operation? 


END OF FIELD EXERCISE. 











& LESSON PLAN NINE 


COURSE TITLE: PLACER CLAIM EVALUATION 
TOTAL TIME: 


CBJECTIVE: THE SUCCESSFUL STUDENT WILL BE ABLE TO: 
PROCESS PLACER CONCENTRATES WITH THE AVAILABLE LABORATORY . EQUIPMENT 


TRAINING AIDS: 


TIME SUBJECT MATTER METHOD INSTRULTOR 
ACTIVIGIES 
Describe general lab setting | OH 16 
Describe lab procedures for placer Show Video 
20 min Lab Procedures - Placer OH 16 
1. Dry sample in drying oven or on an 
electric heating element. 
2. Separate magnetite from concentrates 
with magnet. 
ie) 3. Separate free gold from concentrates 
using: 
a. Heavy liquid medium | 
b. Wilfrey Table | 
OH a7 


c. Repanning 
| ad. Gold Hound 
4. Dry gold 
5. Screen gold using 10, 20, 40, 100 mesh 
screens. 
6. Microscope analysis 
7. Weight gold remaining on each screen | 
8. If black sand still present with gold | 
9. Place concentrates from no.7 in glass 
mill jar | 
10. Add a globule of clean, gold free 
mercury the size of a bean to the jar. | 
Ti. Place jar on rollers) and reo eat Ore lt) 2 
to 1 hour. | 
12. Remove amalgam and place in 250 ml | 
beaker. | 
13. Add 40-50 ml dilute (1:1) nitric acid 
and place on electric heating element. 
14. Digest until mercury is match-head in 
| 
| 
| 


size. 
15. Transfer to No. 0 parting cup. 
@ 16. Add fresh dilute acid. 
17. Digest as required over low heat to a 


gold sponge. 
18. Decant off any remaining gold. 


19°. 


20. 
ite 
22. 


23. 
24. 
25. 


END 


Wash sponge 3-5 times with warm 
distilled water. 

add 2-3 drops of alcohol. 

Dry parting cup over low heat. 

Anneal gold in cup by bringing bottom 
of cup to dull red heat in a furnace or 
on a Bunsen burner. 

Transfer gold to Metler balance. 

Weight sample to nearest .1 mg. 

Fill out Placer Summary Sheet and field 
notebook. 


OF LESSON NINE. 
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How many triangles? 
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G. Agricola 


HO-3K9-DK-2 


| yd 








A. GRAVEL PLAIN 


GOLD 





BEDROCK 


Legend 


B. RIVER BAR 





Cross Sections of Types of Placers. Type shown in upper right is sometimes found 


in glaciated areas. 
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ANCIENT 





E. TWO BURIED PLACERS 


Cross Sections of Types of Placers. 
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A. GRAVEL PLAIN 


ANCIENT 





D. MARINE 





Cross Sections of Types of Placers. Type shown in upper right is sometimes found 
in glaciated areas. 
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2 obtain 
and generally should be 
large in size (e.g- Tons). 


(Continued) 
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SAMPLING (Cont.) 
Sample unit must be representative 
of deposit. 


High unit values magnify errors in 
calculations. | | 


Erratic distribution of values 
makes accurate sampling difficult. 


May give indication of ground 
conditions but not true value. 
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Rules of Sampling © 


aS 








1. Sampling must be representative 
of the whole lot of material. 





2. Sampling , at each parting or 
- reduction in amount, must still 
represent the whole lot and any | 
errors or inconsistencies 
introduced must be controllable ) 
or accounted for mathematically. @ 





3. Sampling accuracy relates to the 
amount of control one has over 
the sampling correctness and is : 
dependent upon the characteristics 
of control. 


@ 
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Sample Selecting Process 


Probabilistic 


- well adapted to 3 dimensional 
deposits 


- all elements submitted for 
selection 


» have given probability for 
being selected 


» works well on compact 
ore bodies 


- well studied by geostaticians 
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Sample Selecting Process 


Non -Probabilistic 


- selection not founded on 
notion of probability 


- typically used on particulate 
materials 


¢ deterministic 





¢ purposive 


» difficult to select increment 
and extract representative 
sample 





| 
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Non-Probabilistic Sampling 


eS 


- no theoretical approach to 
selecting samples 


» sampling errors large enough 
to deprive sample of any 
practical value (specimen) 


- used by many commercial 
firms, in sampling, mine 
evaluation, pilot plants, 
evaluation and for process 
control 
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Common Properties of 
Non-Probabilistic Sampling 
Processes 


1. An important fraction of the lot 
is submitted for sampling with 
zero chance of being selected 


2. Not possible to logically connect 
the various sampling errors to the : 
mode of selection e 


3. The sampling is always biased 
to some extent 





Conclusions: no sample generated 
by a non-probabilistic selecting 
process should be used to reach 
important financial decisions! 

(eg. validity, mine development, 
product purchase, compliance with 
regulations) e 
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Purposive Sampling: Chip or 
Shovel 





if part of the lot not available, 
operator selects best way from 
the most accessible areas 


accuracy of sampling operation 
depends on operator's choice 


operator not uniform or consistent 


operator may have biased concept 
of what the samples are to prove 


sampling therefore is not accurate 


and very likely inequitable in 
representing the lot 
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Deterministic Sampling and © 


Grab, Auger, Drill 


- operator collects increments from 
the most accessible part of the lot 


- due to the segregation of particles, 
operator tries to collect as many 
increments as practical 


- large portion of the lot Is 
systematically not available to 
the sample tool or procedure 

- bottom of truck or rail car 
- bottom of drum 
- center of pile or load bucket 





(Continued) 


e 
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Deterministic Sampling and 
Grab, Auger, Drill (cont) 


drills, augers are only improved 
grab sample | 


these are probabilistic only when 
the sample point can be selected 
by probability (rare) 


sample points usually pre-selected 
which is non-probabilistic 


if sample points were probabilistic, 
errors from increment delimiting, 
extraction and heterogeneity are so 
large the sample results are not 
accurate 
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Center of Gravity Rule 


All fragments having their center of gravity inside the 
selected increment boundaries belong to the increment. 





Drill Channel _ Sper 
L in | out a 
increment 
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ADEQUATE SIZE 


ADEQUATE Ize 
Largest Rock Sample Size 
+ 10 in. 3tons 

+ 4in. 1 ton 

+ 2/In. 400 lb. 

. --1-1N. 100 Ib. 


- 1/2 in. 50 Ib. 


EFFECT OF PARTICLE OF Au 
IN SAMPLE (adapted from J. Wells) 


SAMPLE 

7 1/2" X 12” Drill Hole 
5 1/2" X 12" Drill Hole 
3" X 12” Drill Hole 

6" X 12" Channel 


12" X 12" Channel 


16" PAN@180 PAN/yd 


@ 








PARTICLE SIZE @ $400 per oz. 

20 mesh 40 60 

(6.5 mg) (1 mg) (.3 mg) 
$6.50/yd — $100/yd = $.33/yd 

$14.82/yd $2.28/yd $.68/yd 

$41.34/yd $6.36/yd $1.91/yd 
$4.64/yd $.63/yd $.24/yd 
$2.31/yd $.33/yd  $.09/yd 

$15.39/yd $2.13/yd $.63/yd 








Gold Particle Size 


Estimation 
Coarse | Med Fine V. Fine 
MESH (USS) +10 -10+20 -20+40 -40+60 
AVG. WT.(mg) - 6.0 1.56 0.31 
AVG. NO./g & 170 340 3,200 
-20+40 &) -40+60 





mesh mesh 
1.0mg 1 cent 5mg 
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Effect of a 1-Mg. Particle of Placer 
Gold on Calculated Value of a 1-Foot 
Sample Increment* 

*Gold at $400 per ounce 


$14.32 (2") 


$12 


$9 G) <— 1-Mg. GOLD PARTICLE 


$6.36 (3") 


VALUE PER CUBIC YARD 





246 810 20 30 36 
HOLE DIAMETER IN INCHES 


Curve showing the calculated value which would result from a 
single 1-Mg. particle of 900-fine placer gold (at $400/oz). It can 
be seen that small-diameter drill holes are extremely sensitive to 


stray gold particles. 
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Controllable Sample 
Factors or Errors 


increment to be sampled 
extraction of increment "Center 
of Gravity Rule" 

contamination of sample 
chemical or physical alteration 
of sample 

preparation of errors 

analytical errors 

human errors, intentional or 


unintentional 
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SAMPLING ERRORS AND 
THE RELIABILITY OF SAMPLING* 


Errors common to all placer environments 
- Incorrect sample dimensions 


« Faulty analytical procedures 
¢ Salting 
« Carelessness 
« Inaccurate measurements 
- Drilling into a hard bottom 
- Use of drilling correction factors 
- Inaccurate logging 
- Unsuitable drilling equipment 
- Uneven distribution of values 
- Not allowing for dilution and batters 
- Ignorance | 
(Continued) 
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SAMPLING ERRORS AND 
_ THE RELIABILITY OF SAMPLING* 
C 


(Cont.) 


Errors in continental placer sampling 
- Splitting samples | 
- Irregular-shaped pits and channels 


Errors in transitional placer sampling 
¢ Grain counting 
- Failure to recognize changes in lithology 


Errors in marine placer sampling 


“Source: Aluvial Mining, by Eoin MacDonald, 1983, 
pages 227-233 
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Preparation Error 


Errors resulting from contamination 
- by dust 
- by material present in 
sampling circuit 
- by abrasion 
- by corrosion 
Errors resulting from losses 
- as dust 
- as material left in sampling circuit 
- of a specific fraction of the sample 
Errors resulting from alteration of the 
composition 
Errors resulting from alteration of the 
physical composition 
Errors resulting from unintentional 
_ mistakes 
Errors resulting from fraud or 
sabotage 
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Errors Resulting from 
‘Unintentional Mistakes 


For psychological, political, or economic 
reasons, sampling within the estimation 
circuit is the most neglected. 

This is true for most countries to the point 
that it is not even taught at universities or 
colleges. 

As a result the sampling operator is 
unaware of the most elementary notions 
of sampling correctness. 

He blindly follows a vague recipe based 
on empirical observations, necessarily 
introducing unintentional mistakes. 

- Dropping of samples followed by 

incomplete recovery 

. Mixing of fractions belonging to different 

samples 

- Mixing labels 

- Poor maintenance of sampling 
equipment 
- Contamination and losses 
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SAMPLING CONSIDERATIONS 


JANIE LING eee 


1. Adequacy of size to obtain 
-representive sample. 


2. Uniform width and depth 
of channel from top to bottom. | 


3. Adequacy of sample to 
| character of the ground. 


4. Spillage of sample while 
collecting. 


(Continued) 
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@ SAMPLING CONSIDERATIONS 
(Cont.) 


5. Spillage of sample while 
processing. 


6. Water washing bedrock just 
prior to collecting sample. 


® 7. Erratic collection of samples 





from backhoe bucket - should 
sample every bucket. — 


8 Drill mast not vertical. 


9. Natural and introduced oils 
inthe sample: Avoid I 


(Continued) 
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SAMPLING CONSIDERATIONS ® 


JDANIFT LUNG Vee 


(Cont.) 


10. Soil running into drill hole: dilution. 


11. Excessive reaming or bailing of 
hole prior to sample collection. 


412. Inadvertent release of core holder. 
(worn parts, carelessness, etc.) 





13.  Overfilling collection containers 
and spilling sample. 


14. Dirty equipment of both applicant 
and BLM. Clean all tools and 
machines prior to running each 

~ sample. 


° 
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CORRECT 


CORRECT 


: 
: 
, 
; 


* INCORRECT 
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INCORRECT 


Sp Snot Sn+2 





S Sn+t Sne2 Sn+3 Sns4 


CORRECT 


e 
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CORRECT METHOD 
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Method for sampling a pile cut 
ditch all across pile in 2 places then 
channel cut at random within each portion 
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STEP #1 


Ln 


X x! 


Spatula Trajectory 


Spatula Trajectory 
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L€-x0-6H€-OH 











WATER 


CUTTINGS 
































INCREMEN 





SECTORIAL 





HO-3K9-DK-38 





Errors Resulting from 
Fraud or Sabotage 


The fact that so few people are familiar 
with many subtle aspects of sampling 
and preparation perpetuates the survival 
of fraud in commercial sampling. 


Unintentionally, some laboratories receive 
hundreds or even thousands of samples 

each day that instantaneously become 
specimens at the balance room, genera- oe. 
tion a huge form of sabotage. 


Or 


Deliberately, someone does not have the 
time, or the desire, of seriously looking at 
subsampling and preparation problems 
especially if the samples will be given to 

the cheapest laboratory. 


e 
: 
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PLACER EQUIPMENT CHECKLIST 


FLAVER BeYVYS)—eoOoee—e—e—eoOeeo 


---- sample processing machine: 
Gold Saver, E-Z Panner, Prospector Il, etc. 
---- spring scale - 200 pound capacity 
---- nylon rope - 3/8" x 100 feet 
.--- sample bags, canvas, 12" x 18", 
17" x 33", 6 each 
---- plastic bags, garbage - 1 dozen 
---- plastic bags, Ziplock “type, 5" x 5", 50 -100 
---- pick-mattock 
---- shovels - round point, 2-3 
---- ground cloth - polyethylene, 10'x 12’ 
..-- washtubs - seamless aluminum or 
plastic, 2' x 2' x 6" 
---- waterproof markers - 4-6, fine point 
---- camera -35 mm 
---- film-6 rolls minimum 
---- gold pans - 12", 14", 16" as required 
---- hand lens 
---- brunton compass 
---- geology pick 
---- tape - 100' and 16° 
.--- hose for pump - 100' + 
---- water pump 


(continued) 
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PLACER EQUIPMENT CHECKLIST (Cont.) 


suction hose for water pump 

tool kit | 

spare parts for engines and processing 
machines 

survey flagging - fluorescent pink, yellow 
vials - 20 dram 

dispersing agent - Calgon® 

4" x 2" lath or waterproof paper for sample 
identification 

field forms: 3842-1, 3842-2 

placer checklist form - (10-page form optional) 
topographic maps 

mineral survey plat - if patent examination 
geologic map - if available 

aerial photography - if available 

sizing screens - 10, 20, 40, 60 mesh, 3-inch 
or 8-inch size, stackable 

5-gallon buckets - 15-20, plastic with handles 
generator - if needed to power processing 
equipment 
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Sample number * 


dade eee 7 UNITED STATES 
Deeamber 1977) DEPARTMENT OF THE INTERIOR 
BUREAU OF LAND MANAGEMENT 










Serial number . 


PLACER SAMPLE FIELD RECORD 


State County 


Claim 


Give legal description: Township Range Section Meridian 


Type of sample 







Type of deposit Dimensions of cut 


Place taken ** 


INTERVAL 





secu =O FORMATION 
Bedrock [_]Yes [_]No eee 
Overburden: Feet Type Water level ft. 
Sample weight Sample volume fe) Loose measure CL) Bank measure 


Average size Maximum size : Estimated percent of 
Boulders fey Yes ee No bank-run 
| 











Remarks 
Cement [_] Yes = No 
Clay C ] Yes fc No Remarks 
Estimated percent 
Caliche [_] Yes [_]No | Remarks 
Estimated percent 

Remarks 

Hard digging [_] Yes [_]No 








Sampled by 





Others present 











Weather 
Time: Arrive Depart 


Dee 
* Carry this number forward to Form 3842—2 (Placer Sample Processing Record) (Continued on reverse) 
** Place sketch or remarks on reverse 
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ee eS 
7 DIAGRAM = 
& 


” & fee: 


Remarks 


GPO 843-5852 










F 3842—2 
(December 1977) UNITED STATES 


DEPARTMENT OF THE INTERIOR 
BUREAU OF LAND MANAGEMENT 


Sample number * 


Serial number 


PLACER SAMPLE PROCESSING RECORD 










c. How measured d. How processed 





lai Dry weight (/bs) | b. Volume 


b. Weight (milligrams) 





2a. Visible gold (colors) «*(_]No. 3 [_]No.2 [_]No.1 [_] None visible 
c. Estimated fineness 


3a. Gold removed [_] Manually [_] By amalgamation [_] Other (specify) 


b. Does gold amalgamate readily? [_] Yes (PENG, “(r/ fno,” explain) 





4a. Character of Gold ([(]fine or flaky | [_] coarse or shotty [_] smooth  [(_] rough 
b. Give weight of black sand in sample , and pounds black sand per cubic yard 


c. Was screen used in washing process? [_] Yes [_] No d. SIZE OF OPENINGS 


(if "'no,’’ explain) Undersize (7%) Oversize (%) 


e. Material washed [_] easy [| normal (_] difficult (explain) f. Grade of sluice or rocker 
(inches per foot) 


Remarks 


eee ee eee 


Processed by 
Others present 


*Number must be same as Form 3842-1 (Placer Sampler Field Record) 
°*#3 colors consist of gold particles weighing less than 1 milligram; 
#2 colors weigh between | and 4 milligrams; 
#1 colors weigh over 4 milligrams. : <A 
Weigh and note individual colors weighing 10 milligrams or more. 
GPO 843-550 
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Form 3842-3 UNITED STATES 
(December 1977) DEPARTMENT OF THE INTERIOR 
BUREAU OF LAND MANAGEMENT 


Serial number 


PLACER SAMPLE SUMMARY SHEET 





State County Legal description 


SAMPLE 
NUMBER * 


NET WEIGHT HOW RECOVERED CENTS Au CENTS PER NOTES 
OR VOLUME PROCESSED GOLD (mg) |@ $ /oz| CUBIC YD ; 


Sampled by Calculated by 





Remarks 
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GPO 843-548 


a 


Percent of Recovery 


Type of Equipment 
Hand Shovel 100 unless large run 
Suction Dredge 70-80 
Back Hoe Buckets | 90-100 
Auger 20-50 
Banker Drill 0-100 unknown 
Hand Churn Drill 90-100 needs correction 
facturs 
Light Churn Drill 90-100 
Heavy Churn Drill 90-100 
Hand dug Cassions 80-100 
Machine Dug Cassions 80-100 
Drill-Percussion 80-95 needs correction 
factors 
Drill-Rotary 40-75 
Drill-Reverse Circ. 90-100 
Drill-Vibratory 80-90 
Drill-Resonant 95-100 
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EFFICIENCIES OF SAMPLING DEVICES 


GOLD PAN nuggets to 100 microns 


SLUICE BOX 
Hungarian riffles nuggets to 200 mesh 
Chinese riffles | nuggets to 200 mesh 
regular riffles nuggets to 100 mesh 


ROCKER BOX nuggets to 200 mesh 


99 - 100% 


70 - 80% 
80 - 90% 
50 - 90% 


75 - 90% 


(Continued) 
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EFFICIENCIES OF SAMPLING DEVICES (Cont.) 


CEPiIVibNVlibd Meee eee 


GOLD SAVER é 1/4" to 100 mesh 
(trommel) 
E-Z PANNER - 3/4" to 200 mesh 


(vibrating screen) 


AIR BELLOWS - 1/4" to 100 mesh 
(dry washers) 


SPIRAL WHEEL - 20 to 250 mesh 
(goldhound) 


85 - 92% 


85 - 96% 


70 - 85% 


80 - 90% 
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TO INCREASE EFFICIENCY... 





—> Sluice Box: Increase grade 
from 1°/,":1' to 27/31 

—> Increase water percent of 
feed slurry (i.e. decrease 
density of feed) 


=— > Add a wetting agent: 
soap or shampoo 


—> Add an acid (dilute) to 
feed water 


—> Classify feed by screening 


Ce} 


r 
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© Recommendations for 
Sluice Box Recovery 


Rany Clarkson 
Klondike Miners Association, 1989 


- Screen feed to - 3/4". 
Set box at 2.5' to 3" per foot gradient. 
Use single channel box. 30 foot 
minimum length. 

- Use alternating angle iron & expanded 
© metal screen (5/8") riffle sections on a 
1:2 length ratio with 2'slick plate at front 
of first riffles. 
Set angle iron riffles at-15 upstream 
slope and 1" high, maximum. 
Set gap between riffles at 2”. 
Feed box at maximum of 8 yd 3/ft of 
width. 
Set water usage at 192 gpm/ft of width 
in expanded metal section, 432 gpm/it 
of width in riffle section. 


| 


8 
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Conclusions from University of Toronto, 


British Columbia 
- Placer Mining Study, 1987-1 988 


3 channel sluice box not as efficientas 
single channel with screen classification 


due to loss of turbulence and non-uniform 
feed rates to the side boxes. | 


Best performance in sluices obtained by: 


- Classification to minus 3/4 inch feed — 
to riffles 


- Screen feed well, concentrate with 
either Hungarian riffles over 


expanded metal or alternate sections 
of each | 


(Continued) 
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Placer Mining Study, 1987-1988 (cont) 


100% recovery with riffles: Hungarian: + 28 mesh gold 
Expanded metal: - 48 mesh gold 

Feed at 6 yd°/hour/foot of width of box 

Keep waiter to 200 to 400 gpm/yd* processed 

Keep recycle water at 20% solid slurry 

Keep clay concentration below 60 gramsiliter, 
optimum recovery rates in riffles and minimum 
wear on pump found at 10g/1 

Flocculents good only in low flow of water, less than 
500 gpm, good for final treatment of discharge 
from last pond | 
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RECOVERY RATES* 











PROCESSING GOLD RECOVERY 
+10 mesh +60 mesh 
- Slick Plate 70% 20% 
- Grizzly 6" openings 90% 80% 
-Dbli Screen, vibrating 90% 80% 

- Conveyor feeding 

dbl screen | 90% 90% 

- Trommel screen 80 - 90% 


* from Univ. Alaska, Mineral Industry 
Research Lab. 1987-1988 studies 


HO-2K9-DK-52 
‘@ 


ie 


Computing Placer Sample Values" 





1. Based on Volume Measurement: 


Milligrams Recovered x Price Per Mg (¢) x 27 


Per Cubic Yard = 
¢ eee Volume of Sample (cu. ft.) 


‘1 Indicated Value, No Fineness Correction 
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Computing Placer Sample Values *.. 


3K9-DK-26HO-3K9-DK-26 


2. Based on Weight Measurement: 


Milligrams Recovered x Price Per Mg (¢) x 3,000 *2 


¢ Per Cubic Yard = - 
Weight of Sample (pounds) 


‘2 Where One Bank-Yard = 3,000 Pounds. — 
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Computing Placer Sample Values” 





3. Based on Pan Measurements: 


Milligrams Recovered x Price Per Mg (¢) x Pan Factor *3 





¢ Per Cubic Yard = 
Number of Pans in Sample 


‘3 Number of Pans Equivalent to One Cubic Yard in Place 
180 pans - 16" diameter 
400 pans - 12" diameter 
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Value Calculations 


¢/mg = Price of Au in cents/oz x Fineness 
31,104 mg/oz 


$iyd?= ___ Recovery Au inimg x value in ¢/mg x 27 fl iyd? 


(Size of Sample in ft?) x 100 ¢/$ x concentrate recovery % 
Size of Sample if not in Cubic Feet: from Rock Density Tables 
or Weight Tables Multiply: Ib/cu. ft. x 27 ft = Ib/yd® 
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Examples: 
Quartzite Bedrock: from table = 114 Ib/ft® 


Ib/yd = 114 x 27 = 3,078 lb/yd° 


30,000 ¢/oz x .90 = .86 ¢/mg 


¢/mg = 
31,104 mg/oz 
Bulk Sample 
50 mg x .86¢/mg A3a: x i 3 
d? = oeesSsSSéas* 7D $2.74/yd 
Hy 484\1b x 100 15.72 
3,078 Ib/yd* 


Channel Sample 
50 mg x .86¢/mg x 27 ft/yd®_ 1161 ~ $3. 52/ya3 


$/yd* = ae 
(1' x .66' x 5') x 100 ¢/$ 330 


HO-3K9-DK-57 


Value Calculations (cont.) 


Drill Hole 


mg (Au) x ¢/mg x 27 ft?/yd" 
$/YD? = g (Au) x ¢/mg y 


(Sample size in ft?) x (CR) x (DR) x 100 ¢/$ 


CR = % Concentrator Recovery of Sample Device 


DR = % Recovery of the Drill 
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Example 


6" churn drill hole: .18 ft?/foot of sample hole 
10° pay gravel 
CR = 90%, DR = 95% 


50 mg x .86¢/mg x 27 ft?/yd* 


ey Dio Sats eee eae ey 
(.18 ft? /ft x 10ft) x .90 x .95 x 100 ¢/$ 


= $7.54/ yd? 
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How Thorough Should a Mineral e | 
Investigation Be? 


Private Industry 
The examiner tests successive links in a chain of 


facts: When one link is found weak- - the 
examination is over. 


Geol ini 
Mining Reserves Reclamation § wraier 
T 
Cost CB Fnancing> Financings 
Grade Method ‘ | 
Quality 
Government 


We must go beyond pointing out the fatal link. 


Reserves Reclamation Water Financing 
'~ ile | 
G 35 [oy r-4 Cost” <---> 


We must show detailed knowledge of the property. 


Geology: —— CAR si CES > 














: Mini F 
P@schist O1/oz/T ane eae Water Financing: Taxes: Other 


dozer 5 on0/ac Sosa loan 18%  2%state Costs: 


loader/jigs 46% Fed 1 million 


How Thorough? 
Whatever is necessary to support the conclusions 
of the examiner. 


79/ 
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THE ABCs OF REPORT WRITING 


On the first page of your report: 


A. Identify the problem or question 
involved. 


B. Mention or discuss briefly all 
pertinent factors. 


C. Recommend the proper action 
to be taken, or not to be taken. 


The three Cs of a good report: 
It is - Clear 
Concise 


Complete (Continued) 
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THE ABCs OF REPORT WRITING (Cont.) 


- Reports are usually too long rather than too short. 


- Mineral reports will be read by laymen for decision- 
making purposes. Every word put on paper should 
be selected with this in mind. | 


- Simple and direct statements in plain English should 

be your goal - include enough groundwork and details 
to enable another engineer or geologist to evaluate your 
work. The test for adequacy is met when a qualified 
reviewer can follow your train of thought and your 

work procedures, and arrive at the same conclusion. 
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CARRYING POWER OF WATER* 


Carrying power of water varies greatly with velocity, The 
following table indicates the duty of running water at 
various velocities: 


30 feet per minute - lifts fine sand 

45 feet per minute - moves fine gravel 
120 feet per minute - moves 1-inch pebbles 
200 feet per minute - moves 2-3 inch pebbles 
320 feet per minute - moves 3-4 inch boulders 
400 feet per minute - moves 6-8 inch boulders 


*Source: Elements of Mining by George J. Young 


SLUICE HEAD* 


Sluice head is a rather indefinite term used in placer min- 
ing to describe the volume of water needed to separate the 
gold from the gravel in a sluice box. The average velocity 
of water in sluices of 6-inch drop to the 12-foot box is 140 
to 400 feet per minute, which would correspond to a flow 
of 500 to 800 gallons per minute, depending on the depth 
of water in the box. Frequently itis convenient to speak of 
percent grade, instead of inches per foot, or per 12-foot 
box. The following table permits conversion: 


Slope of 12-foot sluice box 
Inches Inches per foot Percent 
4.1 


6 1\2 6 
8 2\3 5.55 
10 5\16 7.0 
15 1 1\2 15. 

d rce; rating Small 


by William F. Boericke. 






































BLACK SAND VALUES 


Black sand is a general term applied to heavy, dark-colored mineral grains 


associated with placer deposits. 


Over the years there have been many reports of black sands that allegedly 
contain gold and platinum in colloidal form or in a complex form not 
susceptible to recovery by conventional methods. Many special devices and 
recovery schemes have been promoted for extracting these alleged "hidden or 
locked" values. The fact that none of these methods has developed into 


self-sustained commercial operations is significant. 


Where black and concentrates do contain gold it is generally present as 
fine-sized particles, some which may be coated by iron or manganese oxide. 
This "rusty" coating may be abraded or removed by tumbling or treatment wit 


nitric acid prior to being amalgamated to recover the gold. 


Mining companies have found that from an economic stand-point, any gold tha 
cannot be recovered from the black sand by simple scouring and amalgamatior 


is not worth saving. 
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Gold Distribution in Dry Placers 


by Dave W. Parkhurst 





The distribution of gold particles in 
all types of placer deposits is depend- 
ent upon a number of geological con- 
ditions existent at the time each dep- 
osit is formed and also upon subse- 
quent alteration caused by changes in 
those conditions. However, there are 
some basic characteristics that are 
typical of each type of placer deposit, 
and these characteristics can be used 
by prospectors in the determination of 
where gold concentrations are most 
likely to be discovered. 

The distribution of gold particles in 
dry placers is normally quite different 
than that which is found in the average 
stream or river placer, excepting some 
of the more recent deposits under sim- 
ilar conditions and placers formed 
during geological time periods when 
the climate was more conducive tothe 
formation of stream placers. 

Most placer gravels deposited 

‘der arid conditions are distin- 

ished by certain characteristics that 

» be easily recognized, even in 

€ areas that presently have a 
auch wetter climate. Desert placer 
gravels are generally composed of 
predominantly angular materials, the 
bulk of whicn shows very little, if any, 
rounding or smoothing from the fric- 
tion caused by fairly continuous water 
transportation and sorting. Because of 
the lack of a relatively constant water 
flow and the overall roughness of the 
placer gravels, gold particles usually 
do not work their way downward to 
bedrock or clay layers as rapidly as 
they would in a steadily-flowing 
stream. Since the particles are sus- 
pended in the materials at higher lev- 
els, the gold is much more accessible 
to secondary movement by subse- 
quent surges of high water runoff. 

Due to the turbulence and tremend- 
Ous cutting power associated with 
sudden surges of heavy water flows, 
most of the gold particles are fre- 

| quently redistributed throughout large 
volumes of thin-bedded gravels. 

| ess the gravels are subjected to 
| -equent, extended periods of fairly 
od stream flows, the heavier 
talli¢ particles have very little 
2pportunity to be sorted and concen- 
sated into confined gravel deposits. 
\s a result, most desert placers tend to 


contain a fairly even distribution of 
very fine, small and medium size gold 
particles mixed in the gravel mass. 

itis not uncommon to find the larger 
and heavier pieces of gold near the 
surface, with most of the smaller parti- 
cles being deposited at a much lower 
level in the gravels. This condition 
results from the fact that the smaller 
particles of gold can work their way 
downward much more easily than the 
larger and coarser gold. However, the 
situation can be reversed when the 
larger gold particles were eroded first 
or during periods of maximum water 
flow and deeper erosion. 


Another product of intermittant 
Surges of heavy water flow over dry 
gravels is the formation of multiple, 
thin-bedded layers within the gravel 
mass. These layers are usually much 
more spread out and composed of a 
greater mixture of materials (soils, 
sand, pebbles and larger rocks) than 
those occurring in the stratified gravel 
Structures normally found in most 
Stream-deposited gravels. In many of 
the desert areas, these layers can be 
Separated by narrow seams of clays 
or.“caliche” (cemented gravels) that 
have formed during extended dry 
periods. 

Depending upon the geological 
time period in which the heavier 
metals eroded, some of the gravel lay- 
ers may Contain gold while other lay- 
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ers do not. In certain instances, the 
gold-bearing gravel layers are separ- 
ated by layers of barren gravels. Some 
placer deposits have been found that 
contain several barren upper layers 
separated by compacted clays overly- 
ing several gold-bearing layers, with 
barren gravels again being found at 
the bottom of the deposit In some 
other instances, the layering is rev- 
ersed or occurs in a different combina- 
tion. 

In most stream placer deposits, the 
constant vibration of the water-satu- 
rated gravels by constant water 
movement tends to settle the heavier 
and more resistant metallic particles 
toward the bottom of the channel. This 
process is very similar to the action of 
a shaker table or the movement of a 
gold pan. In desert areas, however, the 
intermittant surges of water flow are 
usually present for very short periods 
of time, such as immediately following 
a thunderstorm, cloudburst or rapid 
spring snowmelt. The fiow of water is 
of such a brief duration that the under- 
lying gravels are not softened or satu- 
rated with moisture. Because of this, 
the vibration or jigging action in the 
gravels by water movement is limited 
to the top layer in the gravel mass. 

Under these conditions, the larger 
gold particles are deposited in fairly 
narrow streaks of limited length and 
depth, while the smaller particles are 
distributed throughout the surface 
gravels. Most “pay streaks” tend to be 
very irregular in occurrence and they 
can only be discovered by hit-or-miss 
prospecting efforts. Because of this 
irregular pattern of distribution, the 
use of prospecting techniques that 
apply to areas having a more constant 
Stream flow are most likely to be more 
of a hindrance than a help when pros- 
pecting for desert placers. 


The sporadic nature of gold deposi- 
tion in dry placers also tends to create 
layers within layers, where some of 
the stratified gravels within a zone of 
deposition (usually defined by bands 
of clay or caliche) are gold-bearing 
while other strata in the same layer are 
not Fairly narrow bands of gold- 
bearing gravels are sometimes sand- 
wiched between barren bands of 
gravel. Some of these thin layers have 
been found to be very rich in gold con- 
tent and they could be very easily 
missed by the unwary prospector. The 
sampling of any dry placer deposit 
should always be taken from the top to 
the bottom of the gravel mass and, if 


any gold is found, each individual 
gravel layer, seam, strata or channel 
should be sampled. 


There are two more important fac- 
tors that affect the distribution of gold 
in dry placer deposits, and these are 
the relative size and shape of the gold 
particles. Because of the limited water 
action in most desert areas, there is 
minimal abrasive action to grind, pol- 
ish, smooth or flatten the pieces of 
gold. As a result, most of the gold par- 
ticles are very rough and coarse. 
When coupled with the angular nature 
of the gravels, coarse and rough gold 
particles will génerally not settie 
toward the bottom of the deposit They 
will normally remain suspended in the 
materials and, in some cases, be dis- 
tributed erratically throughout the 
entire gravel mass. 
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With much higher 
prices, it is likely 

that a number of 

dry placers discovered 
by old-time prospectors 
could now be mined 

at a profit. 


ED 


As mentioned above, many of the 
smaller and more rounded gold parti- 
cles will settle much more rapidly 
through angular gravels than will the 
larger and heavier peices. Due to their 
greatly reduced specific surface area, 
the smaller gold particles have much 
less friction with the rough and angu- 
lar materials in the gravel than will the 
larger and coarser pieces. Extremely 
fine gold would remain thoroughly 
mixed in the gravels and would also 
travel long distances on the surface 
because Of its ability to “float” on the 
surface of water. 


Water does not adhere to the sur- 
face of gold, so the very fine and very 
thin gold particles will be supported 
by the surface tension of water. 
“Float” gold will often be transported 
for many miles from its source, and it 
will subsequently be moved even 
further with each new surge of water. 

The nature of gold distribution in dry 
placers creates ideal conditions for 
the formation of large, fairly low- 
grade, placer deposits. It is also con- 









ducive to the formation of hidc 
placer deposits, which may be bur 
under a few feet to several! hund: 
feet of overburden, as wel as the t 
mation of fairly rich, localized pock 
and streaks of gold-bearin @ /« 
Most of these desert place. ill 
somewhat difficult to find and invo! 
very careful and extensive sampling 
determine their value. | 
With much higher gold prices, it 
likely that a number of dry placers d: 
covered by the old-time prospectc 
could now be mined at a profit The | 
is abundant evidence of older c_ 
placer mining activity in many areas _ 
the West, and these locations cou 
be well worth new prospecting effor: 
In addition, some of the original plac. 
miners used prospecting metho< | 
that were learned in the wet plac: | 
areas and, as a result, they might ha. | 
missed some very good placer depo: | 
its. Some of the older dry placer mir 
ing districts are now being reworke 
on a large scale, and new discoverie 
are being made on a regular basis. 


| 

The extremely large, relative! | 
unprospected arid regions in th: 
Western U.S. undoubtedly s@li contai 
several major gold placers thet are st) 
awaiting discovery at mak aT 
date. Everything considered, @, t 
tremendous potential for the discov 


ery of new dry placer deposits C | 


“While ‘experts’ seldom solve you: 
problems—they will often expiem you | 


failures.” Murphy Wes A Mine, 
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PLACER MINING F 
USING SMALL COMMER 


by Ezra “Oz” Rosenbaum 


Technical Director 
Southwest Mining and Minerals 
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There are numerous aress in North 
America that have great potential for 
gmail to medium size piscer mining. 
The writer has tested oF developed 
placer mines from Alaska through 
Centra! America ranging up to 2,000 
yards per day. Significant improve- 
ments in technology have made many 
more areas mineabie. Addit nally the 
price of gold which appes to have 
stabilized in the ares of $300 has 
made placer mining attractive. 

The principle underlying placer 
mining has not changed since prehis- 
toric times. Given partcies of equal 
gize, the denser particle will settle fas- 
ter in a fiuid bed. This enabies gold to 
be separated trom lighter substances. 
The devices for accomplishing this 
range trom the simplest pan to sophis- 
Ucated centritugs! concentrators. This 
article will not only touch on the 
equipment available for placer mining, 
but just as important and before min- 
ing equipment is even discussed, the 
economics of placer mining. 


Economics of Placer Mining 
A 200 ton/day plant can process 
alluvia! sand. grave! anc cobbles at 
$3.00 to $4.00/ton. Variations in cost 
gre dependent on several tactors dis- 
cussed later in greater detail. ft is 
apparent thst the average ore pro- 
must have gold content in 
excess of $4.00/ton. Assuming gold at 
$1C.00/gram ($31 5/T. 02) and allow- 
ing for considerabie vanations in 
placer ore tenor, one can envision & 
successful operation at 1.0 gram/ton 
(+/- 0.03 T. 02/ton). t would appear 
that we have left ourselves a wide 
margin of safety, and that considera- 
bie profit could bewgenerated operat: 
ing costs of $4.00/ton. But the only 
certainty in placer mining is the ex- 

treme variability of the feed stock. 


The Mining Claim 
Years of experience has taught the 
writer to favor placer Claims exceed- 
ing 480 acres. In spite of what seemed 
like good test results. extensive exca- 
vation at one point on the site would 
suddenly cease to yield economic 


quantities of gold. A move of several 


hundred yards could egain produce 
Larger ciaim arees will 


Testing the Cisim 


ducted by the claim owner or by cone 
tract with a reliable experienced oper- 
ator. A word of caution—while super- 
ficial testing can be indicative of & 
potential valuable deposit. itis only an 
indication! 
Availabilty of Water 

Assuming that you have decided on 
the size of the operation you would 
like to run, the limiting factor might 
well be your water supply. in order to 
achieve a fiuid bed condition, three 
tons of water are required for every 
ton of ore processed through the grav- 
ity separation unit A two hundred ton- 
a-day plant will require 600 tons of 
water or 144,000 gallons per Gay. 
Some of this water will be re-used. 
Opdviously the amount recovered will 
depend on the climate, the type of sed- 
iments and the rate at which they set- 


retained by the 
optimistic about water recovery 8s & 
50% loss is not unususl. if water ts to 
be diverted trom @ stream, an inpound- 
ment dam may be necessary which 
may add considerably to your costs. 
Water is vital to a placer operadon. 
The success or failure ofa placer may 
weil depend on adequate supply and 
well-planned use of available water. 
Before commiting money to & placer 
mine the supply of water must be 
assured. 

if the property one intends to mine 
meets the cntena established. a plant 
using the following equipment could 
easily process 200 tons per day: 


1. Grizzly 6’ x 8’ using 120 Ib. 
rails with 2 inch opening. 


Pege § 


OR GOLD 
CIAL PLANTS 


2. Hopper feeder, vibratory type. 
Girectly under the grizzly. 
3. Belt to 2 or 3 deck wet screen. 
4. Wet screen 4’ x 6’ vibratory oF 
shaker type. Final screen eZze 
§/16 inch. ' 
§. Centrifugal concentrator 
There are many models on the 
market A unit capable of pro- 
cessing 15 tons/hour is re- 
quired. 


6. Classifier. 

7. Spiral finishing unit—many 
models available. 

6. Two water pumps. 250 GPM at 


85 KVA is sufficient 

10. Lock boxes, scales, etc. 

11. Optional methods of water 
recovery such 83 sand screws. 
ete. should be considered. 

12. Rather than purchasing earth 
moving equipment initially, we 
suggest leasing oF leasing with 
option to buy the following: front 
end loader, back hoe, bulldozer 
with npper. 


The above plant without earth mov- 
ing equipment can be assembied for 
less than $75,000. 

Operation of this plant is simple. 
The gravel and stone is fed to the 
grizzty (1) either by front end loader or 
dump truck, all material less than 2 
inches passes through to hopper 
feeder (2). The discharged larger 
stones are pushed aside by the buil- 
idozer for return later to the excavated 
area. The hopper feeder is set to 
deliver 20 to 30 tons per hour to the 
bett (2) leading to the wet screen. At 
the wet screen (4) water is supplied at 
the rate of not less than 3 tons /hour of 
material. The larger than 5/16" size 
gravel is ted by chute to a water rec- 
overy area. The less than 5/16" size is 
fed to the centrifugal concentrator. 
The centrifuga! concentrator (5) is set 
to operate at 8 speed which will retain 
the denser particles. Both the speed of 
rotation and the amount of water must 
be optimized to obtain the best results. 
The addition of small amounts of sur- 
tactants (and sometmes ammonia) 
will improve results. When the con- 


OT 
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centrator becomes “ioaded” with the 
heavier particles. clean up takes place 
by slowing the concentrator and dis- 
charging to lock box (10). The tailings 
are of course being continuously dis- 
cfarged through 8 chute to either a 
Gewatering device or 8 pad. Depend- 
ing on economic factors the tailings 
might be further by heep 
leaching or sent to 8 tailings area with 
no turther processing. 

The concentrate in the lock box var- 
les enormously (from 100 to §,000 T. 
©2 to the ton of gold is not unusual). in 
order to obtain good gold recoveries 
in the next step, the concentrate must 
be classified by size and run seper- 
ately ina spire! concentrator. A Sweco 
or similar classifier can be employed 
© cut the concentrate into four ranges. 
(1) retained 8 mesh: (2) retained 40 
mesh: (3) retained 80 mesh; (4) passed 
80 mesh. Each fraction is run through 
a spiral concentrator (7) such as a mil- 
gpex of equal. The gold from fractons 
2,3 and 4 are combined and smelted 
into miners bars. Fraction 1 may con- 
tain some nuggets large enough for 
“jewelry gold". However, the writer 
believes too much time and attention 
is spent obtaining small amounts of 

improving processing tech- 
niques to obtain greater yields of 
“four will be more financially 
rewarding. The tailings from the spirs! 
concentrator are sometimes re-run 
through the centrituga! concentrator 
(5) or extracted with cyanide. 

The quantity of ore that can be pro- 
cessed through the equipment Ges- 
cribed is in a large measure deter- 
mined by screen analysis. Thus, if 200 
tons of ore is classified by screen size 
and only 10% passes 8 5/16" screen, 
the centifugs! concentrator (5) will be 
called upon to handie 20 tons. Since 
es capecity is 15 tons/hour Rn could 
theoretically handle 120 tons in 8 
hours. At 10% pass through the con- 
centrator could handie 1.200 tons of 
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OR SALE 

Close in on Highway to Globe. As per Assays $200 gold. Plus good 
silver. All electric. 25-to-S0 ton mill with water and power ready to go. 
Good close in open pit ore. For mill or large leach pad set-up. 

This little mill has put out over $1,000-per day when gold was only $35" 
owner died. 

For ref, call First State Bank, Socorro, New Mexico. Holm Bursum, Pres. 
(S05) 835-1550. He is no mine booster, but he will tell the truth. 

Best all year climate in the U.S.A. Also lots of good placer ground. Call 
tramining here 38 years. 


ore per day! Similarly. If the grizzly (1) 
eliminates S0% of the ore. the wet 
screen (4) would be called upon ina 
two hundred ton 8 day plant to handle 
100 tons per day.A 4’ x6’ screen has a 


theoretical capacity %© handle 10 . 


ton/sq. f./8 hour day. The screen 
could therefore 240 tons per 
day or at S0% through the grizzly, 480 
tons of raw ore. 

it one assumes & 100% pass 
feed tess than 
would be the 


the centrifugal extractor can not be 
further cleaned nor concentrated ina 
spiral. k therefore becomes necessary 
to send these “concentrates” © & 
refiner or smelter. At this juncture 8 
digression is in order. The term con- 
centrate is very loose. Webster's de- 
fines concentrate “To increase in 
strength by removing an admixed 
materia! 80 as to concentrate ores by 
washing.” For practics! purposes, this 


definition should be modified to ine - 


clude a statement that the concentrate 
must be in a form where it can now be 
economically. Thus i one 
starts with an ore containing 0.1 gram 
gold/ton of alluvial grave! and cone 
centrates it ten fold, you would have & 
“concentrate” but nof an economi- 
cally viable product 
The concentrate produced by plac- 
ering must be of sufficient vaive 80 
that tt can be transported to 8 mill, 
gmelter or refiner and processed 80 8s 
to tun 8 profit to the miner. The ordi- 
nary black sands produced in placer- 
ing cannot be smetted directly. Let us 
assume that you have started with an 
ore containing 1 gram of gold per ton. 
You have done 8 good jobd of inital 
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emaigamation. But the use of mercury 
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0 100 to 1 and you now have 100 
grams of gold/ton (3.2 T. oz). Can you 
smett this directly into 32 T. oz o 
gold? Yes, but it will be trapped in 29. a 3 

















and no; some bisck sands where the 
perticies of gold are not costed with 
silicious materia! ere amenabie to 


is being restricted on BLM and Forest 
Service land and it can be hazardous 


to the operators. 





tained gold. 


Piscering lends itself to increaseé 
production st nominal costs. Thus,.8n 
anatysis of flow msy reves! a point 
where @ small amount of money spent 
can produce significant nereases ih 
production. ft is not unusual to double 
production spending sn accitions/@, 
$25,000. The returns for capita! in-+ 
vested can be extraordinary and the ~~" 
ume frame for getting these returns | 
canbe minimal. Buta word of cauton— 
know your property. Don’t jump in 
without doing your homework. Hf you 
are not trained, hire experienced 
competant operators and be prepared 
to spend time on site. ig 
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MINERAL PROCESSING 


Gold analyses — myths, frauds and truths 


W.G. Bacon, Bacon, Donaldson & Associates Ltd. 
G.W. Hawthorn, Gary W. Hawthorn, P.Eng. 

G.W. Poling, Mining and Mineral Process Engineering 
The University of British Columbia 


ABSTRACT 


“‘Unassayable gold and platinum group metals’’ have come 
into vogue in the 70s and 80s in certain jurisdictions as a means 
of perpetrating fraud. Usual arguments are that a particular 
ore is not amenable to “conventional fire assaying’’. Explana- 
tions for unassayable gold usually revolve eround: evaporation 
of micron-size gold; vaporization of organic gold complexes; 
volatization of gold halides; alloying of gold with PGM’s which 
prevents fusion or alloying which prevents collection. 

This paper reviews several of the myths and truths of gold 
and PGM assaving with the knowledge that not a single mine 
operates in the free world producing gold from unassayable ore. 





INTRODUCTION 


Accurate analyses of exploration data and estimation of ore 
reserves are two of the most important functions of professional 
geologists and engineers in mine development. The problems 
encountered become particularly acute when dealing with 
precious metal values where very low grade deposits (in the range 
of 0.01 Troy oz per ton or ~0.2 ppm (g/t) by weight) some- 
times are economic or constitute ‘‘ore’’. To emphasize this 
“‘scarcity effect’’, a gold assay of 0.4 g/t (0.01 T oz/st) would 
result from the presence of a single 420 um (35 mesh) gold flake 
(which weighs | milligram) in a 5 kilogram siliceous sample. 

The current high gold price and the prospects of high profit 
margins awaiting exploitation of even very low grade gold 
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deposits, has spawned a sizeable group of incompetent or 
fraudulent gold assayers. These ‘‘assayers’” will often report 
significant precious metal values where no such values occur. 
Failures of legitimate assay labs to confirm these ‘‘significant’’ 
assays are often attributed, by the charlatan, to their capabili- 
ty of detecting ‘‘unassayable gold”’ while the check assayer can- 
not. Geologists and engineers lacking detailed knowledge of 
sampling and assaying techniques are often hard-pressed to con- 
vince a gold-fever aroused company executive or investor-client 
to abandon a property on which attention-grabbling values have 
been reported, often by more than one laboratory. Profession- 
als engaged in such evaluations must acquire an understanding 
of contemporary precious metal sampling and assaying tech- 
niques. Only then can they determine whether misrepresenta- 
tion of values have been perpetrated. 

The authors have independently investigated over 30 
prospects and as many ‘“‘assay”’ labs in which significant pre- 
cious metal (gold, silver and platinum group elements) values 
have been reported when in fact near-zero values were present. 
We write this paper, with emphasis on fire assay techniques 
which are a well recognized analytical standard, or preconcen- 
tration technique in the hope that the industry will learn to 
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FIGURE 1. Size of sample required to contain an expected 20 particles of gold as a function of the combination of gold particle size and grade, 
assuming all gold particles to be of uniform size and randomly distributed in the deposit (after Clifton ef al. . 1969). 





recognize and then ignore fraudulent assayers. At present, the 
prospects of seeing them out of business, or better yet behind 
bars, seem improbable. 

This paper includes discussion of sample preparation, fire 
assay procedures, other noble metal analytical procedures and 
typical myths that have been used to justify fraudulent assay 
procedures to find ‘‘unassayable”’ gold. 


Sampling of Gold Ores 
Methods of Obtaining Samples 


A wide variety of techniques have been used to obtain 
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samples of gold ore. These include grab samples, chip samples, 
channel samples, panel samples, mine car samples, muckpile 
samples, core samples or sludge samples or cutting samples from 
diamond drills, rotary drills, percussion drills or reverse circu- 
lation drills, bulk samples taken by backhoes or bulldozers or 
by drilling and blasting. The application of these various 
sampling techniques to placer gold deposits is described in 
Macdonald (1983). Sampling techniques for lode gold deposits 
are described in McKinstry (1948), CIM Special Volume 9 
(1968), Jones (1974) and Metz (1985). A comparatively recent 
innovation in hard-rock sampling technique is the use of a 
portable diamond-impregnated circular saw to cut the edges of 
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TABLE 1. Gold particle content of various sample sizes as a function of gold particle size (cubes) for 


a 1.56 g/st (0.05 oz/st) ore (after McLean [1982]) 


Number of Au particles per assay sample 





Gold No. of Au particles 
size per (10 Ib) 4535 g 1 AT* 2 AT 5 AT 1000 g 2000 g 10 000 g 
am Mesh sample (33 AT) (66 AT) (330 AT) 
I eh ee LLL 
1650 10 0.17 0 0 0 0 0 0. 
833 20 0.71 0 0 0 0 0 1.6 
589 28 2 0 0 0 0 1 
295 48 16 0 0 0.5 3 6 35 
208 65 46 0.30 0.60 a5 10 20. 101 
147 100 128 0.84 1.68 4.20 28 56 281 
104 150 370 2.4 4.8 12.0 81 163 368 
74 200 1000 6.6 13.2 33.0 220 440 2193 
45 325 4588 30.4 60.8 91.2 1011 2022 
38 400 7959 52.6 105 263 1736 3472 
20 49920 330 660 1650 10890 21780 
5 3276000 21671 43342 108355 
2 50000000 330000 660000 


* AT = Assay Ton 
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channel samples so that the sample volume is more regular and 
uniform, Magri and McKenna (1986). 


Size of Samples 

Relatively simple methods to calculate adequate sample size 
have been presented by Gy (1968, 1974, 1979), Clifton er al. 
(1969), Visman (1969) and Ingamells (1980). In sampling gold 
deposits containing relatively coarse gold, these techniques will 
all dictate that sometimes alarmingly large sample weights are 
required to obtain a representative sample, particularly of a low 
grade deposit. For example, a gold deposit containing 0.16 g/t 
(0.005 T o2/st) (250 mgm Au/m’) with the coarsest gold being 
] mm diameter, would require a minimum sample size of 1.5 
m? (or around 5000 Ib) to achieve an accuracy of +25 
mgm/m? at a 95% confidence limit. A general conclusion of 
Clifton’s work is that ‘‘the number of gold particles in the sam- 
ple is the only factor controlling the precision of chemical analy- 
ses’. A precision of + 50% is achieved at 95% certainty when 
samples for analyses each contain a minimum of 20 particles 
of gold (or +20% @ 67% certainty): Although these relati- 
vely simple sampling theories depend on the gold particles being 
randomly distributed (which seldom occurs) they certainly pro- 
vide very useful indications of adequate sample size. Implica- 
tions of these sampling statistics have led at least one author 
to conclude that there are deficiencies in sampling placer gold 
deposits that are ‘‘perhaps insurmountable at reasonable cost”’ 
Fricker (1976). David (1977) gives a good review of the work 
of Gy and Ingamells. 


Minimum Sample Size, Need for 
Pre-concentration 

Clifton er a! (1969) nomographs, one of which is reprodu- 
ced as Figure 1 in this paper, are based on simple statistics 
assuming randomly distributed gold. These nomographs are very 
useful in determining minimum sample weights and the possi- 
ble need for physical preconcentration prior to analysis. Appli- 
cation of the Figure 1 nomograph should ensure that with 95% 
probability, the true gold content will be within + 50% of the 
gold content obtained by chemical or instrumental analysis of 
the sample. This degree of precision will be attained if the par- 
ticular sample contains a minimum of 20 particles of gold. The 
original Clifton et al. paper provides additional conversion scales 
to provide sample sizes required for both higher and lower 
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degrees of precision. Their paper also documents the high pro- 
bability of certain samples mistakenly assaying zero gold con- 
tent if fewer than five particles of gold are possible in any 
sample. 

Table 1 tabulates the effect of gold particle size and the 
number of particles in a 4.5 kg (10 Ib) sample and in other 
various assay sample sizes (weights). The implication is that 
smal] sample sizes or large gold particle size will invalidate an 
assay of small samples. 

Table 2 tabulates the nugget effect for one particle of gold 
of a given size on an assay of a sample of given weight. 


Preparation of Samples for Assay 


Once a representative sample has been taken in the field, 
the sample must be prepared in the laboratory to produce a sub- 
sample that is both representative and of suitable size for assay. 

Generally, samples weighing less than 10 kg will be proces- 
sed as follows: 

1. The entire sample is dried. 

2. The sample is crushed to —6 mm. 

3. The entire sample is riffle split to obtain one or more splits 
of approximately 250 g. 

4. Each 250 g subsample is pulverized to produce an assay pulp 
of — 150 um. 

5. The pulp can be rolled and sampled or better yet, obtained 
by using a micro riffle splitter. 

Care must be taken to prevent cross contamination of sam- 
ples during crushing and pulverizing. When metallic gold is 
present, disc pulverization often leads to severe cross- 
contamination problems. Ring and puck pulverizers should then 
be used, Merks (1985). 

Reference to Figure 1 (after Clifton er a/.) will indicate that 
low grade samples containing relatively coarse gold cannot be 
represented by a pulverized subsample of a 250 g split. One par- 
tial solution is to add a ‘‘metallics assay’’. Following pulveri- 
zation to — 150 um, the pulp is screened at — 150 ym. Because 
gold is not readily pulverized, coarse gold will be retained on 
the — 150 um mesh screen. The entire material retained on this 
screen is weighed and assayed separately. Screen undersize is 
sampled and assayed separately. Total gold contained in the 
original sample is calculated from the combined weights and 
assays of the ‘‘metallics’’ and the screen fines. 

Another procedure, designed to ensure that coarse gold, 
readily liberated gold and refractory — encapsulated gold are 
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FIGURE 2. Composite gold extraction flowsheet (after McLean, 1982). 





all included in assay results, is shown in Figure 2. This proce- 
dure, while costly, will not only give more accurate results but 
also indicates partial process requirements. 


Fire Assaying for Gold Silver and 
Platinum Group Metals 

Any modern review of the analytical chemistry of the noble 
metals must place particular emphasis on the fire assay. The 
fire assay is the most favoured noble metal analytical technique 
both in history and at present. In the last decade or so, instru- 
mental techniques have become more popular and in combina- 
tion with the fire assay method have supplanted the standard 
gravimetric finish-fire assay in many cases. 

The classical lead crucible fusion assay is the most common 
and successful procedure for the concentration and collection 
of the noble metals. 

One basic reason for the continued use of the fire assay tech- 
nique is the relatively large sample size that can be treated by 
the technique, usually one assay ton or 29.1667 g. Most instru- 
mental techniques do not allow sample sizes larger than a few 
grams which are usually inadequate (Fig. 1). Another reason 
is that the fire assay technique is relatively forgiving and free 
of interferences. 

The most common fire assay procedure for gold and silver 
analysis is: 

1. mixing of the ore with the flux components plus a noble metal 
collector in a fire clay fusion pot (crucible); 
. fusion of the mixture; 
. pouring the melt into iron moulds; 
. separating the slag from the lead or other collector metal; 
. scorification when required; 
. cupelling the lead-collector button; 
. recovering a precious metals bead, weighing; 
. parting of the bead with nitric acid; and 
. gravimetric determination of Au and Ag separately. 
The purpose of the crucible fusion and the flux components 
is to eliminate the gangue minerals and to concentrate the noble 
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metals into lead, drastically reducing any interfering elements. 
The flux must fuse to form a slag at a relatively low, easily 
reached temperature. The flux forms the slag by dissolution of 
the sample components not by melting. The flux is usually com- 
posed of all or parts of: 


Chemical Chemical 
constituent formula 
Wis eee fs ee se Oe re eee 

Lithage PbO 

Flour (household flour) 
Borax Na,B,O,. 10H,O 
Sodium carbonate Na,CO, 

Silica Si0, 

Potassium nitrate KNO, 


For most fire assays, a standard flux recipe is used. Under 
ideal conditions the flux is designed by the assayer after he 
knows the chemical and mineralogical composition of the 
sample. This can involve semiquantitative emission spectros- 
copy or inductively coupled plasma atomic emission spectros- 
copy and basic mineralogical analysis. An experienced assayer 
may simply use a small subsample, a low power microscope and 
an acid to perform his analysis. In the end he should determine 
if the sample to be assayed is neutral, reducing or oxidizing 
before he can design a successful flux for the assay of the sam- 
ple. All sulphides and carbon are natural reducing agents. Many 
oxides are oxidizing agents. 

Once the flux is selected it is placed in the fusion crucible 
with the pulverized sample and the charge is thoroughly mixed 
(a cover of borax or flux mixture is added to prevent dusting). 
The crucible is then placed in a fusion furnace at 1000°C to 
1100°C until the fusion is complete (usually 30 to 60 minutes). 
After fusion, the crucible is removed from the furnace and the 
molten charge is poured into iron moulds. During the fusion 
process a portion of the PbO is reduced to metallic lead which 
becomes the “‘collector phase’. The high density molten lead 
and precious metals sink to the bottom of the clay crucible and 
to the bottom of the iron mould. 

When the fusion charge has cooled and solidified, the lead 
button is broken away from the slag. Normally the slag is dis- 
carded unless it is reassayed to check for suspended or ‘‘shotted’’ 
precious metals. The lead button, weighing 20 g to 30g, is next 
hammered into a cube to remove any adhering of slag and to 
assist in handling with tongs during subsequent cupellation. 

Throughout the crucible fusion portion of a fire assay an 
experienced assayer watches carefully for unusual behaviour, 
such as: 
¢ boiling over of the molten slag; * 
¢ high viscosity on pouring; 

e hang-up of lead on the crucible after pouring; 

e shotting of the lead in the slag; 

© matte formation on the lead; 

© speiss formation; 

e dirty lead; 

e hard, brittle or non-ductile lead on hammering the cube; 
© unusual texture to the lead; 

® too much or too little lead in the button; and 

® any unusual occurrence from pouring to hammering the lead 
cube. 

Depending upon the severity of the problem the assayer may 
scorify (oxidizing fusion with an excess of granulated lead) the 
lead button or simply perform another fusion. A second fusion 
with the knowledge learned from the first improper fusion is 
the preferable route. 

The next step in the classical fire assay is cupellation. At 
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TABLE 2. “Nugget effect” of gold particle sizes versus sample weight (after McLean [1982)) 





Change in gold assay per particle of gold - T.O. Ton 


Gold Wt. of one es 
size gold particle 1/2 AT° 1 AT 2 AT 5 AT 1000 g 2000 g 10 000 g 
am Mesh (mg) 32 AT 64 AT 320 AT 
1650 10 88 176 88 44 17.6 1.75 1.38 0.27 
833 20 11 22 11 §.5 2.2 0.34 0.17 0.03 
589 28 4 8 4 2 0.80 0.215: 0.062 0.021 
295 48 0.50 1.0 0.50 0.25 0.10 0.016 0.008 0.002 
208 65 0.17 0.34 0.17 0.18 0.03 0.005 0.002 0.001 
147 100 0.061 0.12 0.06 0.03 0.01 0.002 0.001 0.001 
104 150 0.021 - 0.04 0.02 0.01 0.004 0.001 0.001 0.001 
74 200 0.0078 0.02 0.01 0.00 0.002 0.001 0.001 0.001 
45 325 0.0017 0.004 0.002 0.001 0.001 0.001 0.001 0.001 
8 400 0.00100 0.002 0.001 < 0.001 <0.001 <0.001 < 0.001 <0.001 
20 1.56E-4 0.001 <0.001 <0.001 < 0.001 < 0.001 <0.001 <0.001 
5 2.41E6 < 0.001 <0.001 <0.001 <0.001 <0.001 < 0.001 <0.001 
2 1.56E-7 <0.001 <0.001 <0.001 < 0.001 <0.001 < 0.001 < 0.001 





Note: E6 = 107° 
"AT = Assay Ton 


this stage a direct addition or ‘‘inquartation”’ of silver is some- 
times made to facilitate possible subsequent acid-parting of the 
silver from the gold-silver bead (the inquartation is sometimes 
made in the fusion stage in high productivity-commercial assay 
labs). The purpose of cupellation is to extract the noble metals 
from the lead. This is accomplished by oxidizing the lead in a 
porous cupel made of MgO, bone ash or cement in a muffle 
furnace at 950°C to 1000°C. The oxidized lead (liquid litharge) 
is mainly absorbed into the cupel with approximately 2% of 
the lead being volatilized. As with the fusion stage, observa- 
tions made during the cupellation procedure and of the resul- 
tant bead inform the assayer whether the cupellation has been 
successful. An example of difficulty is the occurrence of tellu- 
rides in a sample; this can lead to non-spherical multi-beads. 
These difficulties can be eliminated by repeat assays of preoxi- 
dized or roasted telluride ores. Cracks in the cupel and certain 
scoria indicate unsuccessful cupellation. 

In the classical fire assay, the gold and silver contents of 
the Doré bead obtained from cupellation are determined gravi- 
metrically. After carefully weighing (to ~ .002 mg) the gold- 
silver Doré bead, the silver (and any base metal) contents are 
dissolved away in hot nitric acid (parting) and the remaining 
gold is reweighed. The silver content is obtained by the differ- 
ence in weight. If additional silver is added as ‘‘inquartation’”’ 
both the weight and purity of this silver must be assured in order 
to determine accurately the silver content of the sample. As the 
name implies, the optimum ratio of silver to gold during inquar- 
tation is approximately 4:1. 

If present in a sample, platinum group elements (PGE) are 
also collected in the lead button during a crucible fusion. In 
some laboratories, nickel sulphide rather than lead is preferred 
as a fusion-collector for the platinum group elements, Dixon 
(1975). Upon cupellation, platinum, palladium and rhodium 
alloy with the gold-silver Doré bead and cause characteristic 
changes in its appearance. Nitric acid parting will dissolve most 
of the palladium, part of the platinum and none of the rhodium. 
Iridium does not alloy with the Doré while osmium and 
ruthenium tend to form volatile oxides which can be partially 
volatilized and lost during cupellation. 

While procedures are available to complete analyses of gold- 
silver and the PGE using the classical fire assay and wet chemi- 
cal analyses these are now often superseded by instrumental 
techniques. For Au-Ag-Pt-Pd-Rh assays, standard crucible 
fusion and cupellation are often followed by digestion of the 
bead and use of atomic absorption or emission spectroscopy 
to finish the analyses. Sometimes the Doré bead is analyzed 
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directly using neutron activation analysis. To include the other 
PGE’s the lead collection button is often digested and analyzed 
instrumentally. 


Other Noble Metal Assay Methods 


Several types of spectroscopy are utilized directly on solid 
samples with, or without physical preconcentration of the 
precious metals. Pyrometallurgical preconcentration using the 
fire assay procedures of crucible fusion plus lead collection alone 
or in combination with cupellation are now commonly used in 
combination with instrumental analyses. 


Atomic Absorbtion Spectroscopy (AAS) 


This is the most common instrumental technique used for 
completing the assay of noble metals. It is often used after pre- 
concentration by fusion and cupellation. The use of the solvent 
extractant methyl] isobutyl ketone (MIBK) further to concen- 
trate the noble metal has improved its sensitivity and reduced 
interferences. Sometimes dissolution and MIBK extraction are 
used directly on ore samples. Modern AAS employs flameless 
spectrographs, various buffers or releasing agents and chemi- 
ca] extractions that have greatly reduced the interferences that 
have plagued AAS in the past. It is most important as the finis- 
hing step in noble metals assaying. 


Emission Spectroscopy (ES) 


This technique allows for simultaneous elemental analysis 
over a wider concentration range than AAS. Detection limits 
are too high to allow direct analyses of ores and thus precon- 
centration is necessary. ES is useful for the detection of trace 
elements with products such as precipitates from chemical sepa- 
rations or distillates and cupellation beads. 


Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP-AES) 


The use of inductively coupled plasma emission spectros- 
copy has largely replaced gravimetric analysis of fire assay pre- 
concentrated buttons or beads. The very high plasma 
temperatures reached in the plasma greatly reduce the inter- 
element interferences. The greater range of concentration capa- 
bility of ES is maintained as is the simultaneous multi-element 
capability. Analysis of cupellation beads by ICP-AES allows 
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assays in the ppb range. The high capital cost of ICP instru- 
ments ( > $100,000) discourages widespread application of this 
technique. 


Neutron Activation Spectroscopy (NAS) 

The analytical chemistry of noble metals lends itself to NAS 
because of sensitivities that are at least two orders of magni- 
tude more sensitive than other methods. However, extremely 
complex interferences do not allow such high sensitivities to be 
readily realized. Without preconcentration, the maximum 
sample size is approximately 2 g to 3 8 and thus if there is 
inhomogeneity in the noble meal distribution the sample size 
precludes accuracy. Analysis of cupellation beads allows noble 
metal assays in the ppb range. 


X-ray Fluorescence Spectroscopy (XRF) 
Separation, recovery and/or preconcentration techniques are 
necessary because this method requires samples with at least 
1 mg of the noble metal in the sample for accurate determina- 
tion. This method is often used with fire assay preconcentra- 
tion into a lead button followed by cupellation into a silver or 
gold bead. The bead is annealed, flattened and reannealed and 
analyzed as a solid. Portable XRF analyzers are sometimes used 
for analyzing gold distribution in stope faces or on drill cores 
or in drill holes but this technique is semi-quantitative at best. 


Myths 

Complex Stable Compounds 
““Certain ores which contain precious metal values are not 
amenable to recovery or assay by standard methods. Jn our 
particular ore the standard lead collection fails to gather 
values. We believe the metals occur as complex and very 
stable compounds. These compounds dissolve and go into 
solution as the compounds. They likewise are not decom- 
posed by the standard lead fusion assay but remain in the 
slag rather than gather in the lead.”’ 


_ This quote demonstrates a typical belief that ‘“ynassayable”’ 

gold is the result of complex stable compounds. This is, of 
course, incorrect as the stability of compounds is not a consi- 
deration if the flux is correctly designed. If a gangue mineral 
does not dissolve it becomes immediately apparent in the slag 
during pouring or removal of the solidified slag from the lead 
button. Complex stable compounds are easily dissolved when 
a suitable flux is incorporated in the fusion allowing the lead 
to collect any noble metals present. 


Noble Metal Interferences 


There is a widely held misconception among incompetent 
‘‘assayers’’ that the presence of various noble metals causes 
interferences that negate the fire assay procedure. The follow- 
ing data are from the popular mining magazine California 
Mining Journal and was authored by Alvin C. Johnson, Jr., 
Ph.D. The article is titled, ‘‘Platinum Group Interference 
Phenomena in Fire Assaying Methods’’and the data presented 
are shown in Table 3. 

These data are from analyses of splits from an ore sample 
that is described as ‘“‘precious element bearing and is from a 
refractory desert alluvial deposit that is located in southwes- 
tern Arizona. The deposit is quite extensive and does not res- 
pond well to standard fire assay methods or atomic absorption 
methods’’. 

Johnson hypothesises that ‘‘the precious 
initially reduced to low valence or metals prior to 


elements are not 
or during 
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analysis and that they do not react chemically or metallurgically 
in a normally predictable fashion.’’ Experience suggests to Dr. 
Johnson the existence of numerous refractory precious element 
compounds which have not, as yet, been identified. 

Our analysis of the above data (Table 3) would indicate that 
at least three of the reported ‘‘assays”” are not correct values. 
To report gold results that vary from trace, 0.001, 0.01 to 0.79 
02/st is unacceptable and indicates human incompetence and 
not errors in the method. The presence of platinum group metals 
does not affect the results of trace assay methods by compe- 
tent assayers. Because the D method of Table 3 utilized a 
crucible fusion with the precious metals collected in a lead 
button, the probable errors would involve manipulation of the 
emission spectroscopic data. 


Micrometre Gold 


Micrometre-sized gold is often blamed for the inability of 
the classical fire assay to result in the correct assay value. This 
makes no sense since micrometre-sized gold particles are ideal 
from both a sampling and assaying perspective (Fig. 1). Truly 
micrometre-sized gold should result in the most reproducible 
assays from all assay techniques. 

Sometimes the micrometre-sized nature of the gold is sta- 
ted to ‘‘cause volatilization of the gold during fire assay’’. This 
is also nonsense as the fire assay fusion does not exceed 1100°C 
and the boiling point of gold is 2600°C. 

Myths also abound that the micrometre-sized gold particles 
are not collected by the lead but stay suspended in the molten 
slag. Again this is untrue, with micrometre-sized particles the 
collision statistics with the lead collector are favoured and there 
should be even less chance of gold loss to the slag. 


Volatilization of Gold Compounds 


A common mistakenly-held theory is that unassayable gold 
occurs as a halide compound, the favourite of which is chloride. 
These incorrect theories postulate that the halide is volatile as 
a gold chloride. While there are two stable gold chloride com- 
pounds (AuCl and AuCl,) that can be made to volatilize and 
transport, this is only true in an atmosphere of chlorine. In a 
fire assay fusion, AuC] and AuCl, would decompose to gold 
and chlorine gas at 170°C and 254°C, respectively. The gold 
would then collect in the lead as from any other gold source. 

Similar incorrect theories abound for organo-complexes of 
gold and other low melting point compounds. 


Corrected Assays 


A common procedure used by incompetent assayers is the 
so called “corrected” assay technique. The ‘‘corrected assay”’ 
is a legitimate technique used to account for minor losses to 
the slag and cupel that inevitably occur. A legitimate corrected 
assay technique is sometimes used for an initial check of poten- 
tial losses particularly when assaying high grade ores and 
bullion. 

A legitimate corrected assay consists of a standard fire assay 
of the ore or bullion with fire reassays of the first fusion slag 
(refusion) and an assay of the cupel from the first assay. The 
total assay is then the total of the gold or noble metals from 
the three fire assays (first fusion, slag refusion and cupel fusion). 
For high grade ores or bullions this total of the three assays 
can be 2% to 3% higher than the first fire assay (Table 4, from 
Hosking [1982]). 

The fraudulent assayer performs the “‘corrected’’ assay in 
the same way initially but continues the process by reassaying 
the second slag and second cupels. This may continue for as 
many as four times thus having assays for three or four assays 
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GOLD ANALYSES — MYTHS. FRAUDS AND TRUTHS 


MINERAL PROCESSING 


TABLE 3. 
Assay method 


A B Cc D 
Element Assay oziton 
Ag 0.8 0.01 0.1 0.29 
Au trace 0.001 0.01 0.79 
Pt 1.31 
Pd 0.32 
Ir 1.81 
Os 1.53 
Rh eh 
Ru 2.07 
A = fire assay, reductive flux 
B = fire assay, “standard” flux 
C = AAS after aqua regia leach 
D = ES of fire assay lead button 


of slags and cupels for one sample. This type of ‘‘corrected’’ 
assay is easily recognized to be fraudulent if the amount of noble 
metal in any assay after the first is more than 5% of the noble 
metal recovered in the first assay. In some cases these ‘‘correc- 
ted’’ assays are claimed to recover 50% to 75% of the noble 
metal in the subsequent reassays of the slags and assays of the 
cupels. This is always fraudulent or incompetent and these 
assays should be ignored. 


Other Fraudulent Assay Technologies 


There are various other techniques used by fraudulent or 
incompetent ‘‘assayers”’ in perpetuating their businesses. While 
the names of the techniques they use have legitimacy the tech- 
niques are either misapplied, overly complicated, useless, anti- 
quated or simply not applicable to modern noble metal assaying. 

Among the methods or techniques used to ‘‘assay’’ for 
“<unassayable gold” that should alert the reader to possible frau- 
dulent, or incompetent assays are: 

e wet chemical analyses, while certainly legitimate, is not used 
for noble metal analysis or ore samples as a standard method; 
e electrolysis methods; 

© unusual time — temperature combinations during fire assay 
— they are unnecessary; 

e basic or acidic pretreatment of ores prior to fire asssay — espe- 
cially if both the lixiviant and undissolved solids need to be 
assayed; and 

e methods that prevent ‘‘volatilization’”’ of noble metals. 


Evaluation of Laboratories 

The best method to evaluate a laboratory is to consult with 
well recognized mining firms in the locale producing noble 
metals. These firms will have their own assays checked by out- 
side commercial laboratories. These laboratories will be legi- 
timate. 

Secondly, submission of samples of the following nature to 
evaluate the laboratory is good practice: 
e duplicate samples from another laboratory; 
e blank samples; and 
¢ known standard samples (USBM and CANMET). 

Significant deviation from zero on the blank or from the 

standard value leads one to conclude the laboratory may not 
be of high calibre. Large deviation suggest incompetent or fraud- 
ulent assaying. 

If the duplicate assays are different, then a third laboratory 
must be selected because either of the first two laboratones may 
be in error. 
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TABLE 4. Example of gold losses in fire assay (after 


Hosking [1982]) 


Method of loss % Gold loss 
to slag 0.2 

to crucible 0.2 

to hammering button 0.1 

to cupel 0.7 

to parting solution 0.03-0.8 
total loss 1.15-2.0 
gain by silver retention 1.25-1.65 


Conclusions 


The pyrometallurgical techniques of fire assaying, whether 
used for the gravimetric analyses of total gold and silver values 
or for preconcentration prior to instrumental analyses, remain 
the most reliable and most respected procedure for analysis of 
precious metal values. The procedure is relatively expensive, 
hence they are now often augmented by instrumental! analyses 
for many routine high production-number assays. 

Of all the possible errors in sample analyses, lack of repre- 
sentivity of the sample to be assayed often constitutes the 
greatest source of error. Nugget effects of coarse precious metal 
values necessitate strict attention to the adherence to using 
meaningful sample size or preconcentration techniques. 
Experienced competent assayers will find precious metals if 
present. The fire assay technique, while requiring competence 
and skill, is a relatively forgiving technique. The most respected 
expert in the field of fire assaying in this century, Professor F.E. 
Beamish, once stated ‘‘that during 40 years of research in the 
field, he had not experienced a single example of failure of the 
classical assay to find a paying ore’’. The authors of this paper 
have a collective experience with fire assay on the order of saxty 
years and unequivocably agree with Beamish! A major conciu- 
sion is that ‘‘there is no such thing as unassayable gold and 
silver’’. 
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SAMPLING ERRORS AND THE RELIABILITY OF SAMPLING ; 


Sampling errors may result in the rejection of valuable properties or in 

the waste of large sums of money spent in developing uneconomic deposits. 
Some errors are common to all placer environments, others are specific to 
particular placers, some are errors of commission and some are errors in 

judgement. 


Errors common to al} placer _environments 
The reliability of sampling increases with the number of samples 


taken and,hence, with reductions in the volumes of influence assigned to 
each sample and increased reliability with increased sample volumes. 

There are economic considerations and while in both cases the ultimate 
sample has a volume to volume of influence ratio of 1:1 this, of course is 
quite impractical and at some point a compromise must be made between 
sample cost and reliability. 


Incorrect sample dimensions: For each deposit there is an optimum 
density of sampling that is based upon the geology of the deposit and the — 
selection of methods that will hold sampling errors within pre-determined 
limit. Consider two adjacent samples each representing the same volume of 
influence. One is a pit sample having a cross-sectional area of 1 m= and 
a sample interval of 1 Wm; the other is a borehole sample of a diameter of 
10 cm and the same sample interval of Mm. & 3 

Pit sample volume t1xixi1= 40 cm 
Bore sample volume = (11/14) x 10° = 7857 cm 
volume ratio iZa:4 


3 


| | | 


It is contended by some that the prime consideration in sampling is the 
number of samples taken rather than the size of individual samples. There 
are grounds for this view when sampling deposits of similar sized 
particles such as fine grained mineral sands. It is quite a different 
matter to extend the same principles ana reasoning to poorly sorted 
sediments in the continental placer environment containing high-value 
minerals such as geld, platinum and diamonds. 


It is particularly difficult to do so when the main values are contained 
in narrow paystreaks, gutters and potholes and where interpretation is 
made more difficult by the presence of large boulders. These boulders may 
be wrongly assuned to be part of the bedrock whereas, in fact, they lie 
upon bedrock and may conceal the presence of concentrations of valuable 
minerals around their bases. The result is an underestimation of both 
grade and volutes. Geostatistical methods may take into account the 
"nugget" effect when evaluating such deposits but even so they are subject 
to considerable error if the size of the samples taken fails to reflect 
adequately the geology of the deposit and the geometry of its 
surroundings. 


Another factor is the effect on grade estimations of one particle of gold 
valued at 1 cent, ie. 1 mg Au with gold valued at 10 / gram. If such a 
particle is added or lost from the above pit sample, the grade of the 


sample is raised or lowered by only J. 01/m>. Added to or subtracted from 


the borehole sample the grade differential becomes + 81.27. Clearly, if 
the misplaced particle was valued at Bl instead of §.01, the resulting 
sample error would be scaled up or down by a factor of 100. In most 
cases, a reliable placer valuation will rely upon sample sizes and 
spacings that have been proven by adequate test work and experience of the 
engineer to be appropriate to the particular circumstances. 














Faulty analytical procedures: The first consideration in sampling 
is to select suitable equipment and develop techniques for taking the 
samples that are is keeping with both the environment and the specific 
purposes of the investigation. This requirement applies equally to 
analysis as to the physical taking of the samples in that the analytical 
methods should not run contrary to the methods that will finally be used 
for recovery on a commercial scale. For example, some of the values may 
be locked up in particles of non-valuable materials that may not be 
recoverable by gravity methods. The use of fire assay or other 
instrumental analysis used as standard procedures in hard-rock ores, would 
give totally misleading results when used on placer ores. For similar 
reasons, placer samples should never be split for assay but the whole 
sample run aS one unit tc give more accurate results for the deposit. 





eo Salting: A deposit is said to have been salted when drill holes 
are deliberately sited in more favorable locations, when quantities of the 
valuable mineral are introduced into samples after they have been taken, 
or when false measurements are substituted for true ones. It must always 
be assumed that salting will be attempted and precautionary measures @ 
including control samples in which blank samples are given normal code 
numbers and submitted along with other samples for analysis and 
statistical checks are made of actual samples for accuracy and symmetry. 








Carelessness: This includes such faults as undue haste in 
preparing and dressing the sample area, accidental contamination, using . 
approximate measurements instead of true ones to facilitate calculations 
and confusing sample labels. If sampling methods ore not standardized and 
rigorously followed, some if not all of these faults will inevitably 
occur. 


Inaccurate measurements: Inaccurate marking out or leveling 
measured distances results in errors in calculating areas and volumes of 
influence and in geologic interpretation. 


Drilling inte a hard bottom: Values are lost when drilling into a 
bedrock unless it can be cleaned up by hand. Auger drilling onto a hard 
bedrock will always result in a loss of sample and in general an 
underestimation of values. 


Use of drilling correction factors: The use of arbitrary 
corrections should be avoided by using systems that do not require 
corrections. Where necessary, the factors should be determined by careful 
studies under controlled conditions. 


wi 


Inaccurate logging: Failure to recognize and delineate payable 
horizons and basement rocks may result in excessive dilution, conversely, 
in loss of mineral during both sampling and subsequent mining. 


Unsuitable drilling equipment: Representative samples are 
unlikely to be taken if unsuitable gear is used. The type of hand auger 


suitable for sampling fine-grained mineral sands is quite unsuitable for 
sampling deposits containing large boulders. 


Uneven distribution of values: Where the geometry of the bedrock 
is such that rich accumulations settle in potholes and other natural 
traps, the sampling pattern must be very close to avoid major errors. 
Such deposits tend to be undervalued unless very large bulk samples are 


taken. 


Not allowing for dilution and batters: No placer is mined 
entirely within its payable limits. Batters must be allowed for along the 


Sides of the excavation and a significant level of dilution results from 
mining along the boundaries between the gravels and barren overburden and 
from excavating into the bedrock. The amount of overburden to be allowed 
for depends upon the stratigraphic contours. A minimum of 10 inches above 
and below the gravels is normally included in the material excavated for 
treatment except where the bedrock is toc hard to be ripped. 


Ignorance: Probable more errors result from ignorance than fron 
‘all of the other causes put together. All personnel should be fully 
trained in their respective duties and should not only understand how to 
perform the tasks assigned tc them, but also why they should be done in a 
particular way. 


Errors in continental placer sampling 


These are due tmiainly to: 
Splitting samples containing particles of widely different 
Sizes. Such samples should be dressed as a whole. 


Cutting irregular shaped pits and channels. All such samples are 
liable to error if the pit walls are not regular and vertical or is the 
channels are not regular in depth and section. The best method of 
sampling is to treat all of the material removed from a geometrically true 
section having vertical walls. 


Errors in transitional placer sampling 


These relate to grain counting and unnoticed changes in lithology. 


Grain counting: This is an important application in minerals 
laboratory for spet testing and instrumental analysis. Errors are sue to 
the extremely small sample size used for observation, errors due to 
dividing the sanple and screening the portions for analysis and errors 
fron faulty identification of individual minerals. 


Failure to recognize changes in lithology: Errors arise from the 


failure tc recognize and evaluate changes in the lithology of individual 
strata during drilling, failure to recognize grain coatings or textural 
and other associations affecting marketability. Valuations may fail 
because operators expect similar responses to those of placers in other 
districts and have neglected to carry out pilot-scale investigations 
before designing the plant. . 


Errors in marine placer sampling 
Specific errors may be due to : 


Loss of heavy minerals during decantation of the sample, 
especially during bad weather conditions. 


Irregular sample recovery due to the methods used: there is cften 


a tendency for heavy minerals to be under-represented in the overlying 
sediments and for heavy minerals in the lower sediments to be over 
represented because of carry down and sorting in the column. 


* Alluvial Mining, Eoin Macdonald, 1985, pages FET SN 
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Gold Losses at Klondike Placer Mines Gold 
Recovery Project 


by Ranoy Clarkson P. Eng.. Project Manager, New Era Engineering Corporation 


Summary 

Placer mining has made significant 
contributions to both the history and 
lifestyle of the Yukon and continues to 
provide a stable nongovernmental eco- 
nomic force. In 1988 there were approxi- 
mately 185 active placer mining opera- 
tions with a combined reported contribu- 
tion in excess of $65 million to the Yu- 
kon’s smal] resource based economy. Placer 
gold recovery at many of these opera- 
tions is not optimized due to a lack of 
access to current technology, training, 
and testing facilities. 

The objectives of the first phase of 
the Gold Recovery Project are to: collect 
representative tailings samples; recover 
the contained gold particles; evaluate 
and recommend improved recovery tech- 
nology; and provide assistance in the 
selection and start up of recommended 
technology. The Klondike Placer Miners 
Association’s (KPMA) Gold Recovery 
Project is unique because it is an indus- 
try initiated process research and devel- 
opment project which is un der the direct 
control of the Yukon based placer indus- 
try. 

Current gold recovery technology is 
almost exclusively confined to sluice boxes. 
A limited number of operations addition- 
ally employ feeders and screens. Sluice 
boxes are very simple, reliable, inexpen- 
sive, and yield very high concentration 
ratios. Many factors contribute to im- 
proved recoveries with a sluice box in- 
cluding: 

a) controlled feed rates at less than 8 
loose cubic yards/hr per foot of sluice 
width; 

b) screened pay gravels to at least 3/4 
inch; 

c) adequate washing and liberation of 
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random sampling errors. A 


free gold particles, 
d) water ratio of 17 Imperial gallone/ 
minute per loose cubic yard of pay grav- 
els/hr; 

e) use of both expanded metal and 
Hungarian rifles in every sluice run; 

f) utilization of a slick plate section 
before a riffle section to allow gold segre- 
gation in the slurry; 

g) even feeding through automation or 
strict manual contro] of loading equip- 
ment; 

h) sluice box gradients of between 1.5 
and 2 inches‘oot; and 

i) frequent removal of sluice box con- 
centrates for upgrading. 

Sluice boxes can recover up to 95 
percent of gold particles as fine as 150 
mesh provided that the previous condi- 
tions are realized. Sluice boxes may not 
be adequate for placer deposits contain- 
ing very fine pay gravels with 
abundant clays and fine silts, 
a high proportion of high den- 
sity minerals, or extremely fine 
(-150 mesh) or flattened gold 
particles. For a White Chan- 
nel deposit, an oscillating sluice 
box kept riffles from packing 
and provided reasonable gold 
recovery. 

Sampling design is criti- 
cal for placer gold testwork 
because test results can be 
distorted by the ‘nugget’ ef- 
fect. The uneven distribution 
of gold particles in a placer 
deposit often produces large 


sluice tailings stream repre- 
sents one of the easiest sam- 
pling locations, provided the 


Sluice tailings samples were collected 
from six operating Yukon mines at regu- 
lar intervals with hand held buckets, 
sample cutters, or a large steel box de- 
pending on the coarseness of the dis- 
charge (fig. G-1). The samples which 
represented between 1.5 and 7 loose cubic 
yards, were screened at 16 mesh and 
shipped to a tabling facility. 

At each site, a large number of sample 
increments were alternately stored in 
two containers as interpenetrating 
samples over a period of 2 to 4 days. 
Comparison of these two samples indi- 
cated relative standard deviations (coef- 
ficient of variation) as low as 8 percent. 
These errors soared 56 percent (nugget 
effect) for two sites with high losses, 
when a limited number of gold particles 
as coarse as 14 mesh were found in their 
tailings. 
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Figure G-1: Artstic sketch ilustrofing sompling of screened 


samples are caught in the alr. graves, Klondike gold recovery project. 





To evaluate gold recovery efficiency, 
the collection of head samples is an 
mpractica) task as well as being of dubi- 
ous value. At each operation the sluice 
boxes were cleaned directly before and 
after the sampling period. A calculated 
head grade was determined by adding 
the gold recovered in the sluice box and 


the gold lost to the tailings. The placer 


gold data recorded over the 2 to 4 day 
sampling periods represent only a snap- 
shot of a total deposit’s characteristics. 
Due to the difficulty in evaluating 
the losses of sluices, some operators and 
researchers have based their conclusions 
on errors in logic. These myths must be 
dispelled before the industry can prog- 
ress. 
The field sampling program was very 
expensive considering that only six sites 
were sampled. However, the recoverable 


losses which have been identified at two . 


of the sites (C and F) would pay for the 
ntire program after 1 year of operation. 
[his research has a much greater benefit 
o the entire placer industry as other 
miners incorporate these recommenda- 
tions into their sluicing systems. 


Overall Losses 
Overall losses ranged between 0.0006 
ounces per loose cubic yard (o0z/Lyd*) or 
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Figure G-2: Gold recovery vs. particle diameter, Yukon placer 
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$7.57 per operating hour at site A to 
0.0021 oz/Lyd? or $130 per operating hour 
at sites C and F. As much as 66 percent 
of these losses (or $140,000 per season) 
could be recovered chiefly by reducing 
feed rates to 8 Lyd’/hr per foot of sluice 
width andby screening the pay gravels to 
3/4 inch. 

At all of the sites the majority of the 
gold values lost to the tailings were coarser 
than 48 mesh. Tabling testwork detected 
very little gold finer than 150 mesh in the 
tailings. With the exception of site E, 
gold lost to the tailings had the same 
shape (Corey Shape Factor) as the gold 
recovered by the sluice boxes. 

Estimated improvements to recov- 
eries were based on comparisons between 
sites described by Poling (1986), and 
Zamyatin and others (1975) published 
data. There is a very limited amount of 
reliable data regarding the recovery of 
jigs and other gravity concentration 
devices. 


Effect of Screening on Gold Recovery 
The tailings sampling program clearly 
demonstrates the effect of screening on 
gold recovery with conventional sluice 
boxes. Figure G-2 illustrates the recov- 
ery of sites A, D, E, and F versus gold 
particle size. Sites A, D, and Ehadevenly 
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Figure 6-3: Gold recovery vs. particle diameter. Soviet plocer 


fed sluice boxes with optimal feed rates. 
However, site A was screened to ¥8 inch 


and recovered 95 percent of gold as fine 


as 150 mesh. Site D was screened to 2.5 
inches and recovered gold coarser than 
65 mesh fairly well. 

Site E, an unscreened single nonshuice 
boxes recovered very little of the gold 
coarser than 65 mesh but stil] recovered 
more than site F's triple run sluice box. 
Even though site F’s overall feed rate 
was nearly optimal, its stationary punch 
plate distributor was a very inefficient 
screen (40 percent) and directed the 
majority of the -3/4 inch gravels down the 
heavily overloaded center run, resulting 
in heavy losses (12 percent overall). 

These results agree with published 
data from the Soviet Union (Zamyatin 
and others, 1975). Figure G-3 illustrates 
the effect of reducing the top size of pay 
gravels from 5/8 inches to 5/32 inches on 
the recovery of a shallow. fill (expanded 
metal riffles) sluice box. Dramatic 


recovery improvements can result when ( 


the pay gravels are screened. Riffle pack- 
ing can occur due to a high proportion of 
either fine silts and clays or heavy 
minerals in the pay gravels. These 
two conditions limit the application 
of conventional sluice box recovery 
systems. 
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@ Effect of Rit le Type on Gold Recovery 
Figure G-4 illustrates the effect of 


losses were the low- 
est recorded at $7.57 


(oe 





riMe type on gold recovery. Data from 
sitcE,F,and Zamyatin and others(1975) 
are represented. Site E’s sluice box con- 
sisted of a top section of expanded metal 
riffles directly under 3/4 inch punch plate 
and its bottom section was lined with 
Hungarian riMes. The expanded metal 
rifMes were much more efficient at recov- 
ering gold finer than 1 mm (14 mesh); 
however they were unable to retain much 
of the coarser gold. The coarse gold which 
passed through the expanded metal rifles 
was caught by the Hungarian rifles. 

These conclusions are mirrored in 
site F’s side runs (containing expanded 
metal) and center run (Hungarian riffies), 
although other factors such as overload- 
ing are additionally responsible for the 
center run’s high losses. Many research- 
ers have recommended the use of Hun- 
garian riffles as a ‘Nugget Trap’; how- 
ever, most did not realize just how sma)] 
a nugget could be. The coarse gold losses 
with expanded metal are very dramatic 
as the particle size increases. 


Individual Site Evaluations 
Site A 

Site A’s exceptional gold recovery is 
illustrated in figure G-5. Site A’s gold 






RECOVERY OF GOLD ™ PERCENT 













° 
0.100 0.1668 0261 


Figure G-5: Gold recovery Vs. particle size. site ‘A ‘ Kondike Dstnct, 


Yukon. 
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per operating hour or 
0.00055 oz/Lyd3. This 
was due to the follow- 
ing good recovery 
practices: removal of 
all +3/16 inch feed 
gravels; feed regula- 
tion by a hopper and 
vibrating screen; and 
use of efficient ex- 
panded metal riffies. 
Site A’s water use is 
very low compared to 
recommended values 
but this does not sp- 
pear to have affected 
gold recovery. 
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Distribution of Figure G-4: Effect of rife type on gold recovery. 


gold values in site ‘A’ 

(fig. G-6), shows that most gold is fine 
sized and that most of the lost gold 
values are between 48 and 28 mesh 
in size. An unscreened sluicing system 
with poorer recoveries of fine gold would 
lead to extreme losses of gold at this 
site. Additional losses at this site were 
due to the loss of fine gravels which 
adhered to boulders rejected by the 
dry grizzly. The sluice contained only 
expanded metal riffles; therefore there 
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Figure G-6: Gold distribution vs. particle size. site ‘A’. Klondike 
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may also be losses of gold coarser than 
1mm. 


Site B 

Site B’s pay gravels are one of the 
exceptions to the applications of conven- 
tional sluice boxes. The White Channel 
gravels located at this site contained a 
high percentage of clays and fine silts 
which are difficult to wash and tend to 
pack the riffies (fig. G-7). Riffle packing 
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ust be avoided or extreme gold losses 
will occur. Site ‘B’ gold was the finest of 
iny investigated in this study (fig. G-8). 
The operator used a rotary tromme] 

to scrub the feed and screen it to 1 inch. 
After using conventional sluice boxes for 
years, he decided to try outan oscillating 


version. The panning motion imparted _ 


by the box kept the rifles from packing 
and produced fair recoveries (fig. G-9). 
The losses at this site were very high at 
0.0022 o2/Lyd’ or $57 per operating hour. 
However, it may be very difficult to improve 
these losses unless a much more sophis- 
ticated recovery system is adopted. 

A three stage jigging system was 
used on a White Channel deposit by 
Queenstake Resources. The system was 
relatively complex, expensive, and re- 
quired frequent adjustment by qualified 
personnel. A very rough com parison with 
published jig recovery (Zamyatin and 
others, 1975) indicates that a jigging 

ystem would provide additional values 
f between $10 to $20 per hour. This is 
quivalent to additional revenues of 
$10,000 per 1,000 hour operating season, 
not enough to justify the purchase and 
operating expenses of a jigging system 
without further ful) scale testwork. The 
oscillating sluice run used only expanded 
metal riffles. The operator intends to 






OP@TRBUTION OF GOLD BY LOCATION i PRACT 


0.100 0.168 0.261 0308 0631 1.000 


PARTICLE SIZE IW MILLIMETERS 
© Gets Lest te Tats O Recovered by Sasso © Totn) Gold 


Figure G-8: Gold distribution vs. particle sze. site ‘B’. Klondike 
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instal] a nugget trap to guard against 
coarse gold losses. 


Site C 

Site C’s losses were very high at 
0.0022 o2z/Lyd? or $126.04 per operating 
hour. These losses occurred despite the 
very coarse size distribution of its pay 
gravels (fig. G-7) the coarseness of the 
gold (fig. G-10; G-11) 
andthe use ofa6inch 
grizzly. Gold losses 
were primarily due to 
overloading thesluice 
runs with four to five 
times the optimum 
levels of pay gravels 
and process water. 
Sluice box turbulence 
was worsened with the 
passage of minus 6 
inch rocks. In addi- 
tion the shuice run used 
hungarian riffles 
which are less efficient 
at recovering gold 
particles smaller than 
lmm. 

Increased recov- 
eries should be 
achieved by making 
the sluice box four 
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times wider. Process water volumes would | 
also have to be increased to move coarse 
rocke down the sluice run. Improved 
recoveries should also result from the 
use of expanded metal riffles over No- 
mad matting instead of Hungarian riffles. 
Hungarian rifles should be used in the 
last section of the sluice box (at least 8 
feet) to trap gold particles coarser than 1 
mm. 
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Figure G-9: Gold recovery vs. partile sze. site 'B’. Kondie Dstnct. 
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Expanded meta) riffles cannot toler- 
ate the wear resulting from the passage 
of coarse rock. Therefore, the pay gravels 
should be screened to 3/4 inches. Screen- 
ing could be accomplished by suspending 
metal punch plate above the expanded 
metal riffles (similar to site E), or pref- 
erably by utilizing a vibratory screen 
ahead of the sluice. The vibrating screen 
would also promote better washing and 
reduce water requirements dramatically. 

Comparison with site F's side runs 
indicates that a screened sluicing system 
should recover half of the lost gold or 
$62.71 per hour ($50,200 per operating 
season). A further comparison with site 
E’s recovery indicates that an unscreened 
system with suspended punch plate would 
recover $26.37 per hour or $21,100 per 
season of lost gold values. 


Site D 

Gold losses at site D amounted to 
only 0.0010 oz/Lyd? or $34.49 per operat- 
ing hour despite its relatively fine pay 
gravels (fig. G-7) and abundance of heavy 
minerals. This operator attempted to 
minimize riffle packing problems by 
shutting down his sluice box and hand 
raking the riffles every 2 hours and it 
appears to have worked. A Derocker 
system provided feed regulation and 
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screening to 2.5 inches. The operator 
used a combination of expanded meta] 
and Hungarian riffles in the sluice box 
which was fed at optima) pay gravel and 
process water rates. 

A comparison with jig recovery data 
(Zamyatin and others, 1975), and with 
site C’s oscillating sluice indicates that it 
is doubtful that site D’s sluice box recov- 
ery (fig. G-12, G-13) could be improved 
significantly except through finer ecreen- 
ing. 


Site E 

Gold losses from site E’s sluice box 
total] 0.0011 ounces per loose cubic yard 
or $22.24 per operating hour. These losses 
are among the lowest, even in compari- 
son to operations employing screening 
and feeding equipment and much lower 
volumes of wash water. 

Site E’s sluicing equipment recov- 
ered much less of the fine gold (-48 mesh) 
than operations employing screening 
equipment (fig. G-14); however, there 
was almost no fine gold in the original 
pay gravels (fig. G-15). Feed rates, slope, 
and riffle layout were optimal, but the 
water ratio was three times higher than 
recommended. The high water levels which 
were required to push coarse rocks down 
the sluice run did not appear to affect 
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gold recovery. 

The majority of the gold lost at site E 
was greater than 48 mesh and was sig- 
nificantly flatter than the recovered gold 
(for example, Corey Shape Factor of 0.2 
versus 0.4 for recovered gold). Flat gold 
is difficult to recover with any gravity 
concentration device--especially the finer 
sizes. Site E's gold sluicing system was 
an optimal design for unscreened feed 
and was ideal for the exploited placer 
deposit due to the coarseness of the gold. 

Over a 250 hour operating season, 
the total gross value of gold losses is only 
$5,500. Even if half of these losses were 
recovered, the net amount of $2,300 per 
season would not justify the purchase of 
any additional] equipment. 


Site F 

Gold losses from site F amount to 
0.0021 02z/Lyd? or $132 per hour. Gold as 
coarse as 14 mesh was recovered in the 
center and side runs of this triple-run 
sluice (figs. G-16 and G-17). Recoveries 
in the dump box and side runs were poor 
compared to other sites. The center run’s 
recovery system was even worse and lost 
almost all of the gold finer than 28 mesh. 

The pay gravels were pushed onto 
the side of the dump box, which was 
covered with 3/4 inch punch plate. The 
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Figure G-11: Gold distribution vs. particle sze. site ‘C’. Klondike 
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Figure G-12: Gold recovery vs. particle sze. ste ‘D’. Klondike 


Dstnct, Yukon. 


gravels were forced down the box by a 
stationary monitor to the distributor. 
This 3/4 inch punch plate section di- 
rected the underflow to two side runs, 
while the overflow continued on to the 
center run. An undercurrent sluice run 
was located under the final section of the 
center run. Expanded metal riffles were 
used in the dump box and side runs, 
while Hungarian riffles were used in the 
center run. All of the riffles were under- 
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Figure G- 14: Gold recovery vs. particie sze. ste ‘E’, Mondike Dstrict. 
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lain with backed Nomad matting. 
These high losses were primarily 
due to the extremely poor screening effi- 
ciency of the distributor section. Despite 
the large area of its punch plate (46 ft?), 
less than 40 percent of the fine gravels 
were distributed to the side runs. The 
poor screening efficiency (40 percent) of 
the distributor resulted in a feed rate 
which was four times the optimal to the 
center run and 1/4 the optima) tothe side 
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Figure G-15: Gold distribution vs. particle sze. ste ‘E’, Kondke 
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Figure G-13: Gold distribution vs. particie size. site ‘D’. Kondike 


runs. The center run was overloaded and 
had to pass large boulders and high vol- 
umes of water which created excessive 
turbulence. In addition, the bulldozer 
spent only 5 percent of its cycle " 
feeding the dump box and this resulu 
in surging feed rates. 

If the recovery of the center run 
could be increased to that of the side 
runs, an additional $87 per operating 
hour or $140,000 per operating season of 
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Figure G- 16: Gold recovery vs. particle sze. site 'F', Jondike Dstnct. 


Yukon. 


gold would be recovered. This could be 
accomplished by screening the pay grav- 
els prior to sluicing with a rotary trom- 
me] or Derocker-type assembly. The side 
runs also lost gold as coarse as 14 mesh. 
These losses could be reduced by includ- 
ing a section of Hungarian riffles at the 
end of the sluice runs. Gold recovery 
could be improved further by controlling 
feed surges with a manned monitor and 
devoting more cycle time to feeding the 
dump box. 


Triple-Run Box's Dilemma 

Site F's triple-run box was home- 
made, but it demonstrated the short 
comings of many triple run boxes. The 
distributor of any triple run box must 
provide large volumes of water (greater 
than 5 times the optima! flow rates) to 
force large boulders down the center run. 
In addition it attempts to direct the fine 
gravels to the side runs. It is unlikely 
that any stationary punch plate distribu- 
tor can satisfy both of these objectives. 
The turbulent volumes of water which 
must remain above the distributor sec- 
tion will trap some of the fine pay gravels 
and carry them down the center run. 

The center run is normally lined 
with Hungarian rifles and is extremely 
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turbulent due to the passage of boulders 
and high water volumes. Therefore it is 
unlikely that reasonable gold recoveries 
will result in this type of sluicing envi- 
ronment. Many operators have added an 
undercurrent to improve the ecreening 
action and recovery efficiency of their 
center runs. However, the recovery char- 
acteristic of site F’s center run did not 
appear to be improved by the inclusion of 
its undercurrent sluice. 


Recommendations 

Each of the six site operators re 
ceived detailed recommendations spe- 
cific to their sites. The greatest gold 
losses were due to overfeeding the sluice 
runs. Fine gold recovery improvements 
also resulted with screening and the use 
of expanded metalriffles. The recovery of 
coarse gold (+1 mm) was improved by 
providing a section of Hungarian riffles 
in each sluice run. The recovery of placer 
gold ina conventional sluice box can be 
optimized by: 
a) Controlled feed rates at Jess than 8 
loose cubic yards/hr per foot of sluice 
width; 
b) screened pay gravels to at least 3/4 
of an inch; 
c) adequate washing and liberation of 
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Figure G-17: Gold distribution vs. porticle sze. site :F’, Klondike 
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free gold particles; 

d) water ratio of 17 Imperial gallons’ 
minute per loose cubic yard of pay grav- 
els/hr, 

e) use of both expanded metal and 
Hungarian riffles in every sluice run; 

f) utilization of a siick plate section 
before a riffle section to allow gold segre- 
gation in the slurry; 

g) even feeding through automation or 
strict manual control of loading equip- 
ment; 

h) sluice box gradients of between 1.5 
and 2 inchesfoot; and 

i) frequent removal of sluice box con- 
centrates for upgrading. 

Site A demonstrated that a sluice 
box can recovery 95 percent of the gold as 
fine as 150 mesh when feed control and 
fine screening are provided to a sluice 
box. Site E demonstrated that sophisti- 
cated feed contro] equipment and fine 
screening is not necessary for creek de- 
posits containing very coarse gold. 

The size distribution and washabil- 
ity of pay gravels and the size distribu- 
tions and shapes of placer gold particles 
should be determined before deciding on 
the type of gold recovery equipment to be 
used. Once the equipment is in opera- 
tion, periodic tests should be conducted 





to detect the extent and causes of gold 
losses. 

More pilot scale testwork similar to 
Poling (1986) is required to determine 
the bes‘ applications of different types of 
rifles and matting in sluice boxes. Con- 
trolled testwork is also required torelia- 
bly determine the recovery characteris- 
tics of jigs and other gravity concentra- 
tion devices for placer deposits contain- 
ing a high proportion of clays and silts, 
heavy minerals, or extremely fine (-150 
mesh) or flattened gold. 

Additional field testing of existing 
placer operations should be conducted 
to: 

a) determine the additional gold recov- 
eries resulting from the recommended 
modifications (sites ¢ and f); 

b) optimize the performance of a three 
run box; 

c) expand the knowledge of gold recov- 
ery at a greater variety of deposit types 
and recovery equipment. 

The use of nuclear tracers in field 
testwork should be investigated. Nuclear 
sracers may be able to reduce sampling 
costs; increase the number of sites inves- 
tigated; and provide quantitative data 
for operations where collecting samples 
is very difficult or dangerous due to the 
passage of coarse rocks. 
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MINING UFDATE 


Summary of S years of data and observations by Willis Umholtz, Minina 


Enagineer,Ak. DNF, Div. Mining, November 21, ps = 


The placer industry in Alaska if in a continual process a7 upgrading 
methods and practices. Willis examined over 200 operations cut of the 350- 
56) aperations (400 in N. reg. and 150-160 S. reg.) operating during the 
1989 seasen. He noted a decrease in pollutants of over 50% in the last < 
years alone. One thing that 15 ep is that the gov’t. agencies da 
nat consider ed cumulative cose or economics of all the additianal 
regulations ar compliance to te Vaot’e mining aperaticon, only the 
particular Bionish tnet the agency is in charge of. 


Miners are usinsc a variety of equipment that is not intenced for that use 
and having some success but are still not using tne best methad to 
increasing their aroductian wnich is ta orewash, frewash and then wash ihe 
Go.c Dearing gravels. Classifiying screens, trommeis and other devices 
are not efficient washers cut are far sizing. Frewashing on a Siick 

ate and then aliswing the materiai to ficed down the siuice box will 


Di 
give better recovery in a riffle system than trying to make a screen 
prewash and classify tne gravels. 


“ssses in sluice baxes of fame dimensions with different riffles are: 


expander metal screen 10% with mast in +10 mesh fractian 
Gredce riffle 4% with mast in the - 60 ta 100 mesn 
hungarian riffie 3% with mast in the - 60 ta 100 mesn 


* ¢hare are only miingarian +3 
ccic regardless af tne size af os 


+ 


.fflesc in the tox, there is a 14% .ass af 
Lc oor siape af the bax. 


Cocca and nomad tyoe matting give equal recovery resuits while astrovur 
Llases more x 9 

Hungarian riffies wit a tip up angle af 7-10%de not work as weil in 
yecevery as those that are norizantal in the ficw. 


Oks pe (> fitg fax fo uf nae C feG ey 


“he scour line beninc the riffie should not exceed one half toe height of 


: hine 
the ri? ite: **flows—" SafsefSaice $495 


hungarian riffles work oest at the end of the sluice pax anc really should 
nat be usec an tne head ch. where they create tac much turdulence, 
compared to a thick (7/B ") expanded metal riffle, and ailow the gold to 


migrate dawn the sluice. 


Optimum efficiencies for sluices appears to be * 80% using a combinaticn 
af expanded metal anc hungarian riffles; if hungarian only, efficiency 15 
TOK. 


PULE OF THUME TO OPTIMIZE RECOVERY 
Maximize: water usage: 4 1b. HO : 1 1b. feed gravels 


Grade inbotan 25; 2.5 inches per foot 


These values will sotimize recovery white allowing the smallest of effects 
from feed slugging or starving the sluice box. 


Average grade values for sluices are tao flat and better recovery will be 
feunc around Z tc 2.5" per foot. The value of sluice boxes of 1.5 to kde 
inches per foot came from the bucket line dredge sluices and is not valic 
for stationary plants. 


To adequately sample the losses to tne tailings, one must take 40-100, 16" 


pans of material der Gay at regular intervals (ie. 16 pans/ hour). 
tained om vibrating screen decks if the mater 


ial is 
Peast one foot to i& inches aheac of the screen 


Hetcter recavery 15 25% 
thercughiy slurries at 
rather than trying to wasn anc screen at the same time. The faster anc 
better the feec material 1s wetted anc srewashec, the better screening end 
rlastification ran occur and gaid recovery will be increasec, all else 
remaining the same. Better slurrying is obtained if the material is 
prewashed over plastic sheeting (polyethelene .75 to 1" thick) placed 
files rather, than in a happer or trommei. 


The spenming size of exsances metal is nat as critical as tne thickness cr 
shade of tne opening. Best recovery matained fram 5/8 ta 7/38 inch thick 
sereen that ig in an off-sev cattern. 
efieult dicuneen day ORR OF SS ae ig =e5 
aaa: -VS06. 3 flaw 
#1 aw fed alae. 





Expandec metal riffies will recover 95% af the -Z20 to +200 mesh gold fec 
across the riffle. 


The best mechanica. system for orewasnng 15 ta use slurry dumos or 
hydraulic i1fts. Even thougn i:fts exceec the optimum water Dalance by 
double to @:1, water ta feec ratios. 


One metosc to increase sluice efficiency and decrease clean uP time 15 to 
buiic a “boil box" positicned iz" above the first riffle section. This 15 
a box built into the bottom anc across the full width of the sluice. The 
bax is 4" wide by 4" ceen on The mead end of the sluice and 8" deep on the 
lawer end with a water manifoic along the bottem with spray apenings aimed 
upward. The top af the box is fitted with punch plate with 1" holes. At 
ene end of the trough or box a pipe drain is built in and capped. This 1s 
tean cut the poi] box af nuggets. The boil box may also serve as 
c devise to De used to sample each 100 yards of material 


sec in the sluice box. 





eo 





Aneather clean cut devise 15 built ints the battom of the sluice about 6’ 
below the boil box. Thrs5 15 4 $" wide bax 4" deep set at a 45° anale 
across the width af the siuice. The lower end of the trap is fitted with 
a drain ang oipe cap. The trad is covered with the carodet and riffles of 
the sluice and then curi: - clean uc, all the material raught in the 
riffles amg on the caroet 35 wasned ut adove the trac. laser 1s then 
used ta wash “ne material into tne traa and sut the drain inte a bucket. 


AVEZAGE COSTS (1325 ae | 
Stripoing: 


sydrasiics 40-50 ¢ Ger yare 
mechanical: $1.50 - 3.00 per yard 


OW THOROUGH SHOU R_INV ON BE? 


What is an adequate placer investigation? 


In private practice, a mineral examination is simply a process of testing 
the successive links in a chain of observed facts. As soon as one link in 
the chain is found to be fatally weak - the examination is over. 


In the case of some placer operations, the conditions observed on the 
ground will often tell the experienced mineral examiner that the proposed 
mining venture will result in certain failure. 


For example, a property may have a rough, hard bedrock that outcrops in 
many places or the gravels may be very thin. This would indicate that a 
bucket line dredge would not be an applicable mining method. If numerous 
boulders are in evidence or if they are of consistently large size, the 
operation will be more costly than if the gravels are uniform in size and 
can be handled by conventional sized mining equipment. The cost of 
meeting surface reclamation and water quality standards may also prohibit 
a mining operation with low grade gravels and with limited reserves from 
being a profitable mine. What ever the weak link is, in private industry 
practice, the engineer's statement that the property merits no further 
consideration will usually end the examination. 


But as government mineral examiners, we must go beyond this first fatal 
link determination; and for good reason. The government mineral examiner 
must expect to become part of an adversary proceeding as a result of their 
mineral examination. As an expert witness for the government, the mineral 
examiner must convince a hearings judge that not only an adequate job was 
done but a professional job as well. The examiner must show that all the 
pertinent facts were analyzed and their effects on the mining operation 
were considered and not just the obvious ones. To simply point out a 
fatal link is not enough. A substantial knowledge of the size and 
probable tenor of the deposit, its geologic setting, an intelligent 
consideration of mining methods and costs of the operation, including 
meeting water and’ reclamation standards, will enhance the value of the 
mineral examiner's testimony in an adverse situation. 


How thorough should an examination be? The answer is what ever is 
necessary to support the testimony and conclusions of the mineral examiner 
when testifying as an expert witness. The finding of only one fatal link 
may not be enough when in a contest or adversary proceeding. 
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COMPARISON OF VALUATION METHODS 











Area Muck D.S. Gross 

System Sq. Ft. Cu. Yds. Cu. Yds. $ 
Block 92,500 29,200 44,000 50,400 
Diamond 92,500. - 27,855 44,280 51,396 
Taentie 92,500 | 26-651 - 45,082 53,153 
DAvertne 92,500 27,902 44,454 51,649 
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Mining Cost 


Cost Model 
Expenditures 1971 1985 
Exploration 1700 $5000 
Development Costs 
Plant set-up minimum 
Transportation 1500 2000 
Contingency 1500 2000 
sub-total 3000 4000 
Capital Investment 
Sluice box 3400 10000 
dozer (D4) 12600 37400 
loader 10200 30300 
pumps 900 2550 
conc. table 600 1650 
misc. 700 2100 
contingency 2800 8400 
sub-total 31200 92400 
Operating Costs 
labor 13600 40400 
fuel @8 gph 4300 12900 
maintenance 1100. 3100 
‘supplies 1700 5100 
contingency 2100 6150 
sub-total 22800 67150 
Working Capital 10200 30450 


(45% of operating costs) 


IRRS .19 
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Table 4 
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Comparison Summary 


DCF Program ~ 


1971 1985 
1700 $5000 
minimum 
1500 2000 
1500 2000 
3000 4000 
3400 10000 
12600 37400 
10200 30300 
900 2550 
600 1650 
700 2100 
2800 8400 
31200 92400 
13600 40600 
4300 12900 
1100 3200 
1700 5200 
2100 6250 
22800 67650 
10200 30450 
.19 .16 


+ rounded to nearest $100 
h Flow set as close to break-even as 
possible, (0.1%) 


++ Discount Cas 


* estimated 


** calculated from cost indices 


Price of gold: 1971= $43.50 


1985= $400.00 average re 
jewelry gold 
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F-023143 
22 
Claimant 
1971 1985 
1700 $5000 * 
minimun 
1000 2000 * 
1000 1000 * 
2000 3000 
2500 7500 
11400 34000 
9400 28000 
700 2000 
600 1650 
700 2100 
1700 5000 * 
27000 80250* 
13400 40000* 
4000 12000* 
700 2000* 
1500 4500* 
1300 4000* 
20900 60500* 
9400 30250* 
mel .19 


December average 


tail price for 
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10 COMMANDMENTS FOR PRODUCTION IN PLACER 





FINE GOLD RECOVERY has to be an ECONOMIC exercise. 


When operations are going smoothly, keep going. You will. 
get enough breaks during the winter months. Down time is 
expensive. Preventative maintenance is a MUST. 


Screen off the oversize that doesn’t carry gold. CLOSE 
SIZING is the key to good gravity recovery. 


Monitor your sluice box (or other recovery plant) closely. 
Know its SLOPE, the VOLUME of water, the VOLUME AND RATE of 


feed. (Do not guess). 


Prewash and condition your feed, liberate gold from the 


gravel and clay. 
Feed the box on a CONSTANT input. 


"TOADS" vary. Do you REALLY KNOW how much feed you put 
through. 


STRIPPING RATIOS are important. It costs money to remove 
overburden. Critical when you have a marginal pay channel 
grade. 


Clean to bedrock and beyond. (3-4 feet sometimes). 
The best values are in the cracks and crevices. 


The gold you weigh is not pure. It may be 700 - 900 Fine. 
70% to 90% gold content. 


Thou shalt not POLLUTE, or silt-up down-stream waters. 
Settling ponds are mandatory. 
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THE 10ACOMMANDMENTS FOR PLACER EXAMINATION 





Take BIG samples. Reduce them in the field if necessary by 
washing and screening. 


NEVER reduce your sample to assay size by splitting down. 


Placer Miners recover AVAILABLE GOLD in their washing 
plants. Your testing method should match this. 


Weigh your sample AND measure its volume. 


Remember that the BOULDERS you didn’t include in the sample 
are part of yardage estimate. Apply the BOULDER FACTOR. 


Placer material SWELLS 20 - 30% when excavated. Include 
that in your INPLACE YARDAGE ESTIMATE. 


Gold is weighed in TROY OUNCES. There are 31.10 grams in 1 
Troy Ounce. There are 28.35 grams in an AVIORDUPOIS ounce. 
1 ounce of gold is 10% heavier than 1 ounce of feathers. 


DO NOT FIRE ASSAY PLACER SAMPLES (except when checking for 
TOTAL gold content). You will get a substantial over 
valuation. The FIRE ASSAY sample is usually 10 to 15 grams, 
not all the 2000 gram sample of concentrate you submitted. 
TELL THE ASSAYER these are placer samples to be treated in 
the way YOU designate. 


SALTING is easy to do in Placer sampling. 

1 speck can influence the values. 

Most likely it will be accidental, caused by YOUR poor 
procedure. 

Take BLANK SAMPLES. 


1 Placer sample is almost useless as a value estimate. 

10 give you a guide. 

50 give you a statistical pattern. 

(Only 6% are likely to be close to the true grade), BUT 2 
good colours in a panned sample are of economic interest. 
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All of Drilling Services’ Rigs are Top Head Drive, Equipped 
with Reverse Circulation Dual-Wall Pipe and Use a Hydrau- 
cally Operated Injection System. 
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Drilling Services Company main- 
tains a wide variety of dual-wall 
rigs suited to most any exploration 
and hazardous waste drilling proj- 
ect in nearly any kind of formation. 
Each rig is kept in superb opera 
ting condition and manned by ex- 
perienced personnel trained in the 
dual-wall method of drilling. 

The latest addition to Drilling 
Services’ fleet of dual-wall rigs is 
the AP-1000, a versatile and inno- 
vative rig that is extremely effi- 
cient in a variety of overburden soil 
conditions and alluvial materials. 

The AP-1000 is an all purpose 
drill that allows the operator to 
convert between percussive ham- 
mer drilling, dual-wall rotary drive, 
drop hammer and diamond drilling 
with a Minimum of time and labor. 








Dual-Wall Rotary 

The dual-wall rotary unit has a 
built-in water injection system 
which promotes easier drilling and 
dust suppression. It produces 
4,300 ft. lbs. of torque, variable toa 
maximum speed of 90 RPM. The 
unit can be used through the in- 
side of the hammer drill pipe for 
sampling and drilling in hard rock 
formations where the hammer pipe 
reaches refusal. Switching be- 
tween methods takes only minutes. 


As with our other dua!l-wall reverse 
circulation methods of drilling, air 
or water is forced down the annu- 
lus of the pipe, returning continu- 
ous and uncontaminated cuttings 
to the surface through the inner 


pipe. 
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DUAL-WALL REVERSE CIRCULATION OFFERS 


HOW IT WORKS 


The reverse circulation rotary 
drilling method utilizes dual-wall 
pipe, top drive rotation and a side 
inlet for injecting the drilling fluid, 
air or both. 


When drilling with this system, 
the drilling fluid is forced down the 
outer annulus of the dual-wall pipe 
to the drill bit where it is then 
directed to the center of the pipe. 
The air or drilling fluid returns the 
cuttings via the inner pipe at veloc- 
ities in excess of 4,000 feet per 
minute. 


The reverse circulation rotary 
system uses flush-jointed drill pipe 
and a drill bit sub designed to fit 
snugly over the body of the drill bit. 
This unique design permits the 
bore hole to be cut with aminimum 
of clearance and so lessens the 
possibility of sample contamina- 
tion. The configuration also mini- 
mizes the loss of air or misting in 
vuggy or fractured formations and 
will maximize the geological sam- 
ple recovery in adverse conditions, 
conditions that are nearly impossi- 
ble for rotary or diamond drills. 


FOR HARD ROCK 
FORMATIONS 


When it becomes eee 
to drill in hard formations with 
either a tricone or roller button bit, 
the dual-wall method can still be 
used to advantage with a down- 
the-hole hammer drill. 


An interchange sub is screwed 
onto the top of the hammer drill 
and then the complete unit is 
screwed onto the dual-wall pipe. In 
this configuration, the rotating/per- 
cussion action of the drill cuts the 
sample which travels between the 
wall of the hole and the outer bar- 
rel of the hammer drill. As the sam- 
ple moves up the length of the 
hammer drill it is directed into the 
interchange sub openings where it 
is air lifted to the surface through 
the inner pipe. 
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DUCTION GOLD RECOVERY JIG 


© COPYRIGHT 1988 PRO-PULSE 




















Get More Gold With Your Own Pro-Pulse Jig 


¢ SUPERB GOLD 
RECOVERY 


EASY TO USE 
BIG FEED CAPACITY | 


EXTRA BUILT-IN 
FEATURES 


PORTABILITY 
DUAL USE ABILITY 
LOW PRICE @ 




















8" Duplex 12” Duplex Professional, 24” Duplex Professional 


e Superb gold recovery - gets much better recovery than any sluice box and has no riffles which can plug up, instead the Pro-Pulse Jig has a live bed of 1/4" 
steel shot approximately 2 inches deep which expands and collapses 250 times per minute thereby pulling the fine gold into the live bed of steel shot after 
the gold is pulled down into the live steel shot bed it quickly works its way through the bed and to the bottom drain-off valves. 


e Easy to use - the Pro-Pulse Jig is fast and easy to use and requires no electricity only 8-10 lbs. water pressure to operate the 2 pulsating heads which ex- 
pands and collapses the live bed. 
Just simply enter your material into the feed tray and the lighter materials will discharge out to tailings while the gold is pulled down into the live bed. Then 
open the bottom drain valve and there's your super fine gold! (No time-wasting riffles and carpets to pound and wash out). Also the bottom hutch valve can 
be partially left open to produce a continuous gold concentrate. 


e Big feed capacity - the Pro-Pulse Jig has amazing thru-put capacity of 1/2” minus feed material and is extremely forgiving and easy to use. Jig has urethane 
wear surfaces for extra long life. 


e Extra Built-in features - The Pro-Pulse Jigs have extra features such as built-in adjustable swinging gate dam which slows water and feed velocity, float gold 
undercurrent baffle, independent hutch adjustment, digital stroke speed coumter, etc. 


° Portability - the 8" Duplex Pro-Pulse Jig only w: ‘ghts 55 Ibs. and knocks down easily / SPECIFICATIONS 
into a small parcel. It can easily be carried into the jungle, up a mountain, or into a | 
canyon and it can easily be stowed away in a small airplane, camper, or trunk of acar. : 8° Duplex 12° Duplex 24° Duplex 
Where else could you find such a highly efficient big feed capacity gold recovery device | 





N 


yet with such fantastic portability? Portable Professional Professional 
‘ Feed Capacity 2T.P.H 4T.P.H 10 T.P.H 


¢ Dualuse ability - the Pro-Pulse Jigis a highly efficient primary gold recovery machine on | 
bulk gravel feed but it also works fantastic as a clean-up machine for heavy con- | Wier DEE enS 20 CT Oe cos Moca ume tara Daa 


centrates from sluice boxes. The Pro-Pulse Jig is fast and extremely efficient in | Stroke Adjustment 0 - 3/4" Oy Use 
cleaning-up concentrates which produces a clean saleable gold product. i Size (L, W, H) 48°x15°x36" 64°x24"x44" 78°x40°x48" 

° Low Price - the Pro-Pulse Jig is low price, is extremely efficient, can handle big feed , “eight 95 Ibs. 210 Ibs. 385 Ibs. j 
capacity and is extremely portable. Just a few ounces of gold pays forit. 


Be No. 1 and join the Pros with your own Pro-Pulse Gold Recovery Jig 
Order Now! 





Sy esbee ye: 


“Pro-Pulse Jigs pay for themselves with a better uparade and concentration of vour ore ” 











Specifications: 
Rugged steel construction: 


base: 2 ft. x 4 ft. 
height: 48” 
weight (approx.): 360 Ibs. 
3 HP gasoline Honda‘ Tecumseh engine or electric 
motor provides all power requirements. Simple and 


reliable V-Belt assembly drives entire unit. 


*$100 extra for Honda engine. 


Write or call 





E-Z PANNER, INC. 


Featuring E-Z Panner Gold-Claiming Machines 
Manufactured by People in the Placer-Mining Business 
P. O. Box 625 ® Pleasant Grove, Utah 84062 


Noel S. Tanner ‘ 
President tere ta 
(801) 375-5080 4 (801) 465-4736 


© 
INTRODUCING 


the 
E-Z PANNER 





“The biggest breakthrough in portable placer gold 
recovery and test system since the gold pan.” 


Simple @ Fast ° Inexpensive! 


Principle of E-Z PANNER 


©) ree 
Horizontal shaking action 
simulates series of miners 
panning from one pan to 
the next. 


Concentrates and pans in 
a single operation. 


The all new E-Z PANNER features: 


0 Highest and most accurate recovery system on the 
market. 


C6 Recovery of placer gold, including fines and ultrafines. 
C1 Ideal for test work on drill evaluation and bulk sampling 
to determine results at test site with high accuracy. 


Eliminates bagging, tagging, transporting, and delayed 
inaccurate results. 





D To prevent contamination from other samples, system 
can be cleaned quickly and easily. 


1 One to two yards per hour capacity. Accommodates 
small production placer operations. 


© Cuts clean-up time on production operations 60%. 


(1 No astroturf or cocomating required in system. Riffles 
remain clean. 


Additional features: 


D Scientifically designed Integral all metal sluice, riffles, 
and V-shaped clean-up channel. Removes as easy as 
a dresser drawer. (For clean-up, remove pan, tilt and 
wash out through V-channel with attached water hose 
and spray nozzle.) 


O Can be broken down for shipping. Transport in a 
Cessna 206. : 


O Can be used in dry regions. Recirculates 55 gallons of 
water. 
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Recovery of the Geological Sample 


A cyclone, which is an inertial separator without movinc 
parts, separates particulate matter from a drilling fluid (air 
by transforming the flow of an inlet stream into a double 
vortex confined within the cyclone. In the double vortex 
entering fluid spirals upward at the center of the cyclone. The 
particulates, because of their mass, tend to move toward the 
outside wall of the cyclone where they lose velocity and fal 
thru the bottom of the cyclone into a sample collectinc 
container. 

The Dual-Wall Reverse Circulation system of drilling deliver: 
continuous flow, uncontaminated, representative, geologica 
samples via the inner annulus of the dual-wall drill pipe a: 
up hole velocities in excess of 4000 feet per minute. Wher 
the geological sample and the drilling fluid reach the surface 
they are simultaneously discharged via a hose directly intc 
a cyclone. The drilling fluid and the geological sample ente: 
the cyclone at the side/top and the cyclone’s constructior 
is such that it separates the geological sample from the drill. 
ing fluid, thus allowing the geological sample to be con. 
tinuously discharged at the base, while the drilling fluid (air. 
is allowed to escape through the top of the cyclone. The 
discharged geological sample is collected in bags or buckets 
depending on the sample being dry or wet. 


SPLITTER 


Depending on geological preference the dischargec 
geological sample can be passed through a splitter to reduce 
the amount of geological sample. 


AUGER DRILLING 


Extensively used in soils exploration, auger drilling offers many benefits in mineral exploration. 
Flight Auger drilling can be an effective prospecting tool. The geological cuttings from the bit are 
carried to the surface on the auger flights, for grab sampling. In consolidated formations an open 


hole is obtained. 


Hollow Stem auger drilling utilizes a flighted casing as the drill rod. The center of the bit is retracta- 
ble making an open cased hole. The open casing can be utilized for standard disturbed or undisturbed 
sampling systems or further drilling by other drilling systems. 
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EFFICIENCY 
~ VERSATILITY. ——-. 


UNCONTAMINATED SAMPLES 

The drill pipe is flush jointed, 
permitting the bore hole to be cut 
with minimum clearance. There is 
no contamination from caving for- 
mations. Also samples do not 
contact the walls of the bore hole 
on the way up. 
CONTINUOUS SAMPLES 

A 100% representative sample 
is continuously delivered to the 
surface as long as the drill is 
operating. 
LARGER SAMPLE 

More sample is recovered than 
with core drilling. 
FASTER PENETRATION 

Exploration proceeds up to 15 
times faster than with 
conventional core drills. 
STRAIGHTER HOLES 

Flush-wall pipe with less 
clearance results in less deviation 
than conventional drilling 
methods. 
NO LOST CIRCULATION 

Circulation can be maintained 
even while drilling in vugs, 
fractures, voids, and joints. 
VISUAL REFERENCE 

Formation changes in sample 
are easily noted, samples are 
deposited in collection container 
as they once lay beneath the 
earth. 
TOTAL FOOTAGE RECOVERED 

Utilizing a ground seal allows 
sampling to begin at the surface. 
No sample is lost at the start of 
the hole or the bottom. 
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DOWN HOLE © 


HAMMER 





DOWN HOLE 
HAMMER BIT 





CARBIDE ROCK BIT 
WITH SKIRT 
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ste | The dual-wall drill pipe consists of two tubes, one withir 

| fo” the other, as shown in the diagram. The hole cleaning air is 

ii | TOP forced down the annulus between the inner and outer tubes 

f° of DRIVE to the drill bit, where it sweeps the cuttings back up througt 

AG: the center tube at high velocity. 

With dual-wall drilling, the drill pipe is flush jointed, creatinc 

a minimal chance for cuttings to pass up the bore hole. More 

importantly, no caving material can contaminate the cuttings 

and lost circulation zones are no problem to drill. In fact this 

system is often preferred in drilling through abandoned mine 

shafts where circulation could not be maintained by othe: 
drilling methods. 
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FOR HARD ROCK AND FROZEN FORMATIONS 















DOWN-THE-HOLE HAMMER 


When drilling hard formations 
becomes uneconomical with 
tricone bits, the down-the-hole 
hammer system is used. 

A down-the-hole hammer is 
screwed onto the dual-wall pipe 
by using a crossover sub. 

As the sample moves up along 
the hammer it is directed to the 
inner tube by the crossover sub, 
where the sample is moved to the 
surface and collected by the stan- 
dard dual-wall system. 
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The Resonant Drill represents a revolutionary concept 
in drilling techniques which utilizes the combined 
actions of high frequency axial vibration with that of 
the more conventional rotary motion, which together, 
achieve effective penetration of a wide range of soil 
structures. 

In drilling, the basic vibrational action is reinforced by 

direct pull-down or hoisting force, and standard rotary 

motion; producing a drilling capability unmatched in 
range and performance by any other system. Soils 
ranging from sands and gravels through clays and 
boulders to bedrock, and permafrost have been 
effectively cored and drilled. When drilling granular 
soil the action is one of “fluiaisation” and st 
displacement of the soil particles, requiring no drilling 
fluids. Penetration rates under these conditions are 
often in excess of 1 ft./sec. in more consolidated 
materials such as till or rock the action is one of 
fracture by impact. In this case the use of carbide™ 

tooling and a flushing fluid is required to achieve . 

_ sustained penetration. 

Effective uses of the Resonant Drill: ; 

@ Placing and removal of overburden easing - no 
muds to maintain bole integrity, casing placed and 
easily removed. 

@ Rapid penetration - rates ‘of 1 ft./sec. in sands and 
gravels. 

@ Effective coring and sampling - when fitted with 
suitable tooling, use of muds and fluids 
unnecessary. | 

®@ Rock Drilling - competitive drilling rates with hard 
faced and carbide tooling. 

@ Anchor and Tie Back Drilling - up to depths of 
200 ft., using single or double wall pipe. Vibration 
assists in the consolidation of grout material. 

@ Sampling of frozen placer gravels. 


The Superdrill 150 (Series 2) Drill Rig consists of a 
BRD 150 Drill Head, Power Pack, Skid and Tower 
assembly, suitable for direct mounting on a truck or 
other carrier vehicle. 
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The unit shown is mounted on a heavy duty skid and 
has additional features of auxiliary generator, pipe 
handling carousel and job winch assembly. 


SPECIFICATIONS ON REVERSE kod 


SPECIFICATIONS 


B.R.D. 150 DRILL HEAD 
Dynamic Force Output 30,000 Ibs. at 120 hz. 
Operational Frequency 70-150 hz. 


Power Input 150 bp 
Torque Output 32,000 in. lbs. 
Rotational Speed 60 rpm 
Hydraulic Power Requirements: 
Oscillator 5,000 psi max. | 

65 gpm (US) max. 
Rotational Drive 2,500 psi max. 

28 gpm (US) max. 
Pneumatic Supply 
Requirements 100 psi - 10 cfm 
Lubricating Oil Flow 120 psi 

6 (gpm) 
Unit Weight 1,100 lbs. 
SUPERDRILL 
POWER PACK (SERIES 2) 
Prime Mover 170 BHP Diesel 
Hydraulic Outputs: 

Main — Flow 0-65 gpm (US) 
Pressure 0- 5,000 psi 
Auxiliary — Flow 0 - 26.8 gpm (US) A 


Pressure 2,500 psi 
12 cfm at 120 psi 
6 gpm at 120 psi 


Pneumatic Supply 
Lubrication Oil 


Unit Dimensions 4'x8'x3'6" 

Unit Weight 4,000 lbs. 

SUPERDRILL 

DRILL RIG 

Tower Box form with 25 ft. travel 
Complete with pipe joint 
breakout system. 

Pull] Down Force 11,000 Ibs. 

Pull Down Rate 1 ft./sec. 

Skid Dimensions 4' Wide x 11'6" Long 

Unit Weight 7,000 lbs. 

OPTIONAL EXTRAS 

AVAILABLE: 


@ Heavy duty skid with levelling jacks 
@ 4,000 lb. capacity jib/winch system 
@ Pipe carousel 


This system is available for purchase or ona lease basis 
as available (Canada only). 
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ALASKA DRILLING SYSTEMS LTD. 


Providing Resonant Drill Equipment Parts & 
Service to Alaska and the Pacific Northwest. 


Phillips Freld Road. Phone: (907) 479-4210 
P.O. Box 80090 Fairbanks. Alaska 9970£ 









BIMOVEABLE DUMP BOX a4 
SIDES POR SHIPPING aff 


The RMS-Ross 
sluice box is a high 
siot CHant STRONG UNDERSTRUCTURE volume placer system designed 
to separate free particles of precious 
3 metals from aggregate materials. 
spicier: cs oe The sluice-box has no moving parts. So you don’t 
have breakdowns. Several models are available to meet 
your requirements up to 500 cubic yards per hour. A 1000 
cubic yard model is being designed. 
There are over 75 units in operation around the world 
providing reliable service and excellent recovery down to 
200 mesh, with 400 to 500 mesh possible in an efficiently 
run operation. 
Several optional packages are available to meet your 
specifications. Please call or write for complete details. 


iy V RMS-Ross 
4d PO Box 100, Rosedale, B.C.Canada VOX 1X0 
Telephone (604) 794-7121 


elm Pas 


fag RB pel 














RMS-ROSS 
Sluice Box 


SPECIFICATIONS 


DUMP BOX 
WATER MANIFOLD 


PUNCH PLATE —— 
PRIMARY 
FINAL 


CHANNELS 
OUTSIDE 


MIDDLE 


GRATING 


RIFFLES 
FRAME 


large simplified constant feed — 1/2 inch plate steel. 


supplies pressure water in large volume against material producing ex- 
cellent washing action. 


3/4 inch cast chrome nickel alloy steel for iong wear, coned to prevent plugging. 


provides removal of fines for controlled washing in side channels. 


provides for final collection in case of flooding in initial stage with surplus material. 


3/8 inch plate steel. 


two for fines - ramp and special screen separate flour and fine gold to final collec- 
tion channel. Oversize fines and excess water return to middie channel. 


allows all but the largest boulders to pass freely without need for grizzlies on feed 
end. All rocks get washed and tumbled. Coarse nuggets are collected. 


allows for safe walking and inspection, good visibility. Hinged for simple access 
and clean up. May be locked for security. 


special design for collection of fines. 


8 inch square tubing, heavy duty reinforced to facilitate moving with construction 
equipment. Operated on accelerated pitch to facilitate easy movement of large 
sizes and volume. 





MANUFACTURED & DISTRIBUTED IN CANADA BY: 


iy V — Rosedale Machine Shop Ltd. 
AA 


9888 Munro Avenue, P.O. Box: 100 
Rosedale, B.C. VoX 1X0 (604) 794-7121 


_ CONVERSION FACTORS | 





Y £ i 
A PEM 200012. =e) xl 0s ee Pte a Sb 
10 PMM = .001% = 1x107? ; : oe 
100 PMM =.01% = 1x1074 ne 19,00 
1,000 PMM = .1% = 1x1073 | i: jon 
10,000 PMM = 1% = 1x10-? | ‘ea pun 7 
100,000 PMM = 10% = 1xl0-1 ade, 
1,000,000 PMM = 100% = 1 
1). To compute $/mgAu and ¢/mgAu 
spot price = $/gm * ie. 430/oz = $13.87/gm 
31 g/troy oz. 31g /eroy 02... = 1.387 ¢/mg 


(31.1035) Actual Value 
* (Move decimal point one place to the LEFT to convert $/g to ¢/mg). 
2). Compute value of gold per cubic yard ($/yd3) 
Diy ¢/mg X weight of gold in mg = ¢/sample (sample value) 
ie. 1.38 ¢/mg X 2.2 mg Au = 3.05 ¢ Au 


(a) ¢/sample x pan factor (See wells. pg. 89) = value of gold/yd> 
number of pans taken 





(b) ¢/sample x 27 ft3/yd3 = ¢/yd3 
sampie voi. (in Teet3) 


se. 3.05 c/SamplecXo2iett>/ydse = 164, Jec/ yd a= $1.65/yd3 
2 Ft 


Il... (Ca) Compute mg Au/yd> ie. 
X mg Au/yd3 = mg Au in sample X 27 ft3/yd> 
Vol. of sample (in ft) 


fe. X = 2.132 mg Au X 27 ft3/yd3 = 28.782 mg Au/yd © 
2 f£t3 ; 
28.782 mg Au X 1.387 ¢/mg 
=$ .3992/yd3 
= 40 ¢/yd3 


3). Convert PPM (from A-A assay) to Troy oz/ton (gold and_sive 


2 


PPM = oz troy/ton 
34% 
ie 738 PPM SILVER = 738 PPM = 21.5 troy oz/ton 
34.285 
*«(34.285452) this figure is derived by dividing "7 X 1000 @) 


29, .LO66- eae 
for gold and silver. 1 PPM = 1 oz/ton (using an assay ton sample = 29.166g) 


5). 


6). 


7). 


Convert PPM (from A.A. assay) to oz.AVDP/ton (base metals) 


PPM = oz.AVDP/ton 
31 


(31.1035) actual value 
To convert PPM to Z% 


Move decimal point four places LEFT. 
ie. .006 PPM .00000006 


To convert % to PPM. 


Move decimal point four places RIGHT. 
ie. .006% = 60 PPM 


To convert PPM to g/l 


Move decimal point three places LEFT. 
ie. 8,000 PPM = 8 g/l 





TO 


MULTIPLY BY 





abomperes 
abcoulombs 
abfarads 
obfarads 
abhenries 
abhenries 
abohms 
abohms 
abvolts 
acres 


acres 
acres 
acres 


acres 

ocres 

acres 

acres 

acre-feet 
acre-feet 

amperes /sq. cm. 
amperes /sq. cm. 
amperes/sq. in. 
amperes /sq. in. 
omperes/sq. meter 
amperes /sq. meter 
ampere - hours 
ampere - hours 
ampere - turns 
ompere-turns/cm. 
ompere -turns/cm. 
ampere - turns /in. 
ampere - turns /in. 
ampere -turns/in. 
ompere - turns / meter 
ampere - turns / meter 
ampere - turns / meter 
angstrom unit 
angstrom unit 
angstrom unit 

ores 

ares 

ores 

astronomical unit 
atmospheres 
atmospheres 
atmospheres 


atmospheres 
atmospheres 
aimospheres 
atmospheres 


atmospheres 
atmospheres 


atrarchoroac 


amperes 
slotcoulombs 
farods 
microfarads 
henries 
millihenries 
ohme 
megohms 
volts 
sq. chains 
(gunters) 
rods 
sq. links 
hectares of 
sq. hectometers 
sq. ft. 
sq. meters 
sq. miles 
sq. yards 
cu. feet 
gallons 
amps /sq. in. 
amps /sq. meter 
amps /sq. cm. 
amps/sq. meter 
amps/sq. cm. 
amps/sq. in. 
coulombs 
foradays 
gilberts 
amp-turns/in. 
amp- turns / meter 
amp-turns/cm. 
omp- turns / meter 
gilberts /cm. 
amp-turns/cm. 
omp-turns/in. 
gilberts/cm. 
inches 
meters 
microns or (mu) 
acres (u.S.) 
sq. yards 
sq. meters 
kilometers 
tons/sq. in. 
tons/sq. foot 
cms. of mercury 
(at 0°C.) 
ft. of water 
(at 4°C.) 
in of mercury 
(at 0°C:) 
meters of mercury 
(at 0°C.) 
millimeters of 
mercury 
(at 0°C.) 
kgs./sq. cm. — 
kgs/sq. meter 


ma ime ltr nm 


4.x 10! 
2.998 x 10 °° 
12%,40% 
10 ‘5 

40 -* 
40 ~* 
40575 
10.-%* 
{Ore 
40' 


= >  S > 
pe a ee ee. ee of 


4.60 x 102 
4.x 405 
4.047 x 40 -' 


4.356 x 410 4 
4.047 x 10: 
4.562 x 10 -? 
4.840 x 10? 
4.356 x 10 4 
3.259 x 10 § 
6.452 

4.x 404 
4.550 x 108>: 
4.550 x 10° 
10x 10 3" 
6.452 x 10 -¢ 
3.600 x 10? 
3.7310 
4.257 

2.540 

4.x 10? 
3.937 x 10 -' 
3.937 x 10 ' 
4.950 x 10 -' 
ASK AG Ts 
2.54x 10 -? 
4.257 x 10 -? 
3.937 x 10 -° 
1x40 SS 
4.x 40 -¢ 

2 47 (ex AOeae 
4.496 x 102 
4.x 4102 
4.495x 410° 
7.348 x 10 -? 
4.058 

7.6x 410! 





3.39 x 10! 


2.992 x 10 ' 





i feys4 She) =~ 


7.6 x 10 ? 


4.0333 
4.0333 x 10 ¢ 


LAT y AM * 





barrels (oi!) 
bors 

pars 

bors 

bors 

bors 
barye 

bolt (u.s., cloth) 
btu 

btu 

btu 

btu 

btu 

btu 

btu 

btu 

btu 

btu/hr. 
btu/hr. 
btu/hr. 
btu/hr. 
btu/min. 
btu/min. 
btu/min. 
otu/min. 
btu/sa. ft./min. 
bucket (br. dry) 
bushels 
bushels 
bushels 
bushels 
bushels 
bushels 
bushels 








calories, gram 
(mean) 

candie/sq. cm. 

condie/sq. in. 

centores — 

centigrade (degrees) 


centigrade (degrees) 
centigrams 
centiliters 
centiliters 
centiliters 
ceniiliters 
centimeters 
centimeters 
centimeters 
centimeters 
centimeters 
centimeters 
centimeters 
centimeters 
centimeters 
centimeters 
centimeter - dynes 
centimeter - dynes 
centimeter -dynes 
centimeter - grams 


“Z 


gallons (01) 
atmospheres 
dynes/sq. cm. 
kgs./sq. meter 
pounds /sq. ft. 
pounds /sq. in. 
Gynes/sq. cm. 
meters 

liter -atmospheres 
ergs 
foot - pounds 
gram - calories 
horsepower - hours 
joules 
kilogram - calories 
kilogrammeters 
kilowoft - hours 
ft.- pounds /sec. 
gram-col./sec. 
horsepower 
watts 

ft. - pounds /sec. 
horsepower 
kilowatts 

watts 

watts /sq_ in. 
cubic cm. 
cubic ft. 

cubic in. 

cubic meters 
liters 

pecks 

pints (dry) 
quarts (ary) 


lamberts 

lomberts _ 

sq. meters 

fohrenheit 
(degrees) 

kelvin (degrees) 

grams 

ounce (fluid) u-s. 

cubic in. 

drams 

liters 

feet 

inches 

kilometers 

meters 

miles 

millimeters 

mils 

yards 

microns 

angstrom units 

cn-grams 

meter - kgs 

pound -ft. 

cm. -oynes 


42x10° 
9.869 x 10 -' 
4.x 40° 
4.020 x 10 ‘ 
2.089 x 10° 
4.45 x 10° 
4.00 
3.6576 x 410 ' 
4.0409 x 10 ' 
4.0550 x 10 *° 
7.7816 x 10? 
2:52 xA0 ? 
3.927 x 10 -4 
4.055 x 10° 
2 5240 ~' 
4.0758 x 10? 
2.928 x 10 -4 
FAGAN AD —" 
7.0x 40 -? 
3.929 x 10 -4 
2.931 x 40 -' 
4.296 x 410 ' 
2 386,40 =? 
7574.40 =? 
4.757 x 410° 
4.22 x 40 -' 
4.84184 x 10 4 
4.2445 
2.4504 x 10° 
3.524,x 40 —? 
3.524 x 10 ' 
4.0 

6.4x 410° 

a2 x 10" 


PFs 
“ihe tele 






3.9685 x 40 2 


3.4146 

4.870 x 10 -' 
4.0 

(°C x 9/5) + 32 


°C + 273.18 
lew tS) ay 

x | seh ab 18 
6.403 x 10 -' 
2100) = 
qari Ga 
S761 x 10 -? 
3.957.540 =* 
ay an 

he ee MS 
6.244 x 10 -° 
eh ag FO 
3.937 x 10? 
4.094 x 10 -? 
Wie (oe 

Ax 4.* 
1020 x40 —? 
4.020x 410 -° 
(i Bete 
9 807 x 10? 


me‘cury 
centimeters of 
mercury 
centimeters of 
mercury 
centimeters of 
mercury 
centimeters of 
mercury 
centimeters /sec 
centimeters /sec 
centimeters/sec. 
centimeters /sec. 
centimeters /sec. 
centimeters /sec. 
centimeters /sec. 
centimeters /sec./sec 


centimeters /sec./sec. 
centimeters /sec./sec. 
centimeters /sec./sec. 


centipoise 
centipoise 
centipoise 

chains (gunters) 
choins (gunters) 
chains (gunters) 
circular mils 
circular mils 
circular mils 
circumference 
cords 

cord ft. 

coulombs 
coulombs 
coulombs/sq. cm. 
coulombs/sq. CM. 


coulombs/sq. in. 
coulombs / sq. in. 


coulombs/sq. meter 
coulombs/sq. meter 
cubic centimeters 
cubic centimeters 
cubic centimeters 
cubic centimeters 
cubic centimeters 
cubic centimeters 
cubic centimeters 
cubic centimeters 
cubic feet 

cubic feet 

cubic feet 

cubic feet 

cubic fee! 

cubic feet 

cubic feet 

cubic feet 

cubic feet 

cubic feet/ min. 
cubic feet/min. 
cubic feet/ min. 
cubic feet/min. 
cubic feet/sec. 
cubic feet/sec 
cubic inches 


fi. of water 

kgs./sq. meter 
pounds/sq. ft. 
pounds/sq. in. 


feet/min. 
feet/sec 
kilometers /hr. 
knots 

meters /min. 
miles/hr. 
miles /min. 
ft./sec./sec. 
kms./hr./sec. 


meters /sec./sec. 


miles /hr./sec. 

gr./cm.-sec. 

pound /ft.-sec 

pound / ft. - hr. 

inches 

meters 

yards 

sq. cm. 

$q. mils 

sq. inches 

radians 

cord ft. 

cubic ft. 

statcoulombs 

foradays 

coulombs / sq. 

coulombs/sq. 
meter 

couliombs/sq. 

coulombs/sq. 
meter 

coulombs/sq. 


cubic ft. 
cubic in. 
cubic meters 
cubic yords 


gallons (u.s. liquid) 


liters 


n. 


cm. 


cm. 
coulombs / sq. | 


pints (u.s. liquid) 
quorts (u.s. liquid) 


bushels (dry) 
cu. CMs. 

cu. inches 
Cu. meters 
cu. yards 


gallons (u.s. liquid) 


liters 


pints (u.s. liquid) 
quarts (u.s. liquid) 


cu. cms./sec. 
galions/sec. 
liters /sec. 


pounds water/min. 


million gals. / day 


gailons/min 
cu cms. 


4461x410 ~~ 
4.36 x 10? 
2.785 x 10 * 
4.934x10 -" 


4.969 

i ed ty (a 
3.6x 10 -? 
4.943 x40 -* 
60x 40 -' 
Siar x a 4 
3.728 x 10 -‘ 
3.284 x 10 -< 
36% 40 -? 
40x 10 -? 
2231.4 410 -? 
4.0x 410 -? 
6.72 x 10 -¢ 
2.4 

7.92 x 10? 
2.042 x 10 ‘ 

v dep Pe | 9 By 
5.067 x10 -* 
7.854 x 40 -* 
7.854x 10 -’ 
6.283 

8.0 

4.6x 40° 
2.998 x 10 ° 

4 G36 x 10. >" 
6.452 

40x 10‘ 


4 550x410 -° 
4.550 x 10° 


40x10 -¢ 
Fy Pap aie LO a 
3.541 x 10° ~~ 
6.402 x 10. -* 
ox 40 —* 
306 x 10 -* 
2 642 x 10 -- 
Te x10, > 
Patsx au os 
7657 %40.~ 
8036x410 7" 
2.8320 x 10 * 
77a xtc 
as Ke 
tla x40 
7.48052 
2.832 x 10 ' 
5.984 x 40° 
2.992 x 10‘ 
AF Ax AG F 
4247x410 -° 
A 2 xe 
6.243 x 10 ‘ 
6.46347x40- 
4.48834 x 1C - 
4.639 x 190° 


FROM 


subic inches 
cubic inches 
cubic inches 
cubic inches 
cubic inches 
cubic inches 
cubic inches 
cubic meters 
cubic meters 
cubic meters 
cubic meters 
cubic meters 
cubic meters 
cubic meters 
cubic meters 
cubic meters 
cubic yords 
cubic yords 
cubic yards 
cubic yards 
cubic yords 
cubic yards 
cubic yards 
cubic yards 


cubic yards / min. 
cubic yords/min. 
cubic yards /min. 


TO 


cu. ft. 

cu. meters 
cu. yards 
gallons 
liters 


pints (u.s. liquid) 
quorts (u.s. liquid) 


bushels (dry) 
cu. cms. 
cual: 

cu. inches 
cu. yards 


gallons (u.s. liquid) 


liters 


pints (u.s. liquid) 
quarts (u.s. liquid) 


cu. cms 
Cu. fi. 

cu. inches 
cu. meters 


gallons (u.s. liquid) 


liters 


pints (u.s. liquid) 
quarts (u.s. liquid) 


cubic fi. /sec. 
gallons/sec. 
liters /sec. 


MULTIPLY BY 


5.787 x 10 -¢ 
4.639 x 10 -§ 
2.443 x 10 -§ 
4.329 x40 -? 
4.639x 40 -? 
3.463 x 10 -? 
427 32 Xai Oba 
2 838 x 10 ' 
40x 410° 
3.534 x 10° 
6.4023 x 40 ¢ 
4.308 

2.642 x 10? 
40x 410°? 
2.443 x 10? 
4.057 x 40? 
7.646 x 10 § 
27 MO 
4.6656 x 10 4 
7.646 x 40 -' 
2.02 x 10? 
7.646 x 10 ? 
4.6459 x 40° 
8.079 x 10? 
45x 40-° 
3.367 
4.274x40' 





coys 
Gecigrams 
deciliters 
decimeters 


degrees (angie) 
degrees (angie) 
degrees (angle) 


degrees /sec. 
degrees/sec. 
degrees/sec. 
dekograms 
dekoaliters 
dekameters 


drams (apoth. or troy) 
drams (apoth. or troy) 
Groms (us. fluid 


or apoth.) 
Grams 
drams 
crams 


dynes/sq. cm. 
synes/sq. cm. 
dynes/sq. Cm. 


dynes/sq. Cm. 


dynes 
oynes 


~ moe 


groms 
seconds 
minutes 
hours 
grams 
liters 
meters 
quacroants 
radians 
seconds 
rodions/sec. 


revolutions / min. 
revolutions /Sec. 


grams 
liters 
meters 


ounces (avadp.) 


ounces (troy) 
cubic cm. 


grams 
grains 
ounces 


ergs / sq. millimeter. 


atmosphere 

in. of mercury 
(at O°C.) 

in. of woter 
(at 4°C.) 

groms 

joules/cm. 


—™ lec motor 


4.650 410 3” 
8.64 x 40‘ 
444x410? 
2.4x 10! 
40x10 -' 
40x 410 -' 
40x40 -' 
AAS A xc4O ? 
4.745x 40 =? 
3.6x 10? 
4.745x 40 -? 
4667x410 -' 
2IIB x AOL? 
40x {10° 
40x 105 
40. x 10° 
4.3744x 10 -'* 
(OS sO * 
3.6967 


4.7748 
2.7344 x 10 * 
6.25 x 10 -? 
4.0x 10 =? 
9.869 x 10 ~’ 
950% 40 ~ 


A015 140 —4 


4020x410 -° 
AOxO =. 


any 4-8 





ergs 

ergs/sec. 
ergs / sec. 
ergs/sec. 
ergs/sec. 
ergs/sec. 
ergs /sec. 


cm. 


dyne-cm. /sec. 


btu 


dyne-centimeters 


foot - pounds 
gram- calories 
gram-cms. 


horsepower - hrs. 


joules 

kg. -calories 
kg. -meters 
kilowatt - hrs. 
woatt- hrs. 
btu/ min. 

ft. - Ibs. /MiN. 
ft.-los. /sec. 
horsepower 


kg.-calories/min. 


kilowatts 


MULTIPLY BY 


4.4430 x 10 ? 
45x 410' 
4.67 x 10 -' 
4.233 x 10 -' 
4.0 


9.486 x 10 -*" 


4.0 

7.376 x 10 -$ 
2.389 x 10 -° 
4.020 x 10 -? 
3.7250 x 10 -** 
40x10 -’ 
2.389 x 10 -** 
4.020 x 410 -* 
PO MEAG eo) Ua 
2.773 x 10 -** 
5.668 x 10 -° 
4.426 x 10 -¢ 
7.3756 x 10 -° 
4.344 x 40 -*° 
4.433 x 10 -° 
4.0x 410 -*° 





forads 
faroday /sec. 
foradays 
foradays 
fathoms 
fathoms 

feet 

feet 

feet 

feet 

feet 

feet 

feet 

feet of woter 
feet of water 
feet of water 
feet of water 
feet of water 
feet of woter 
feet/min. 
feet /min. 
feet/min. 
feet/min. 
feet/min. 
feet/sec. 
feet /sec. 
feet/sec. 
feet/sec. 
feet/sec. 
feet/sec. 


feet/sec./sec. 
feet/sec./sec. 
feet/sec./sec. 
feet/sec./sec. 


fant! ANN fect 


microfarods 4x40" 
ampere (absolute) 9.65 x 40¢ 
ampere - hours 2.68 x 10 ' 
coulombs 9.649 x 10 ¢ 
meters 4.8288 

feet 6.0 
centimeters 3.048 x 40 ' 
kilometers 3.048 x 40 - 
meters 3.048 x 10 -* 
miles (nout.) 4.645 x 10 -4 
miles (stat.) 4.894 x 40 - 
millimeters 3.048 x 40 ? 
mils 4.2x 404 
atmospheres 2.95 x 40 -? 
in. of mercury 8.826 x 10 —‘ 
kgs./sq. cm. 3.048 x 10 =? 
kgs./sq. meter 3.048 x 40 ? 
pounds /sq. ff. 6.243 x 40 ‘ 
pounds /sq. in. 4.335 x 10 -' 
cms. /s@c. 5.080 x 10 -' 
feet/sec. 4.667 x 410 -? 
kms. /hvr. 4.829 x 10 -? 
meters /min. 3.048 x 10 —' 
miles /hr. 4.436 x 10 -? 
cms./sec. 3.048 x 10 ' 
kms. / hr. 4.097 

knots 5.924x 410 -' 
meters /min. 4.829 x 10° 
miles/hr. 6.848 x 10 =! 
miles/min. 4405 % 40 —2 
cms./sec./sec. 3.048 x 10 ' 
kms./hr./sec. 4.097 
meters/sec./sec. 3.048 x 10 ~* 
miles/hr./sec. 6618x410 —-* 
ner cent orade 40 








FROM 


inches 

inches 

inches 

inches 

inches 

inches 

inches of mercury 
inches of mercury 
inches of mercury 
inches of mercury 
inches of mercury 
inches of mercury 
in. of water (at 4°C.) 
in. of water (at 4°C.) 
in. of water (at 4°C.) 
in. of water (at 4°C.) 
in. of woter (at 4°C.) 
in. of water (at 4°C.) 
internat'l ampere 


internat’! volt 


internat’l coulomb 





joules - 

joules/cm. 
joules /cm. 
joules/cm. 


joules/cm. 
joules /cm. 





kilogroms 
kilograms 
kilograms 
kilograms 


kilograms 

kilograms 

kilograms 

kilograms 

kilograms 
kilograms /cu. meter 
kilograms/cu. meter 
kilograms /cu. meter 
kilograms /cu. meter 
kilograms / meter 
kilograms /sq. cm. 
kilograms/sq. cm. 
kilograms/sq cm. 
kilograms/sq cm 


-Arn—- = -_— 


TO 


miles 
millimeters 
mils 

yords 
angstrom units 
1ods 
atmospheres 
feet of water 
kgs./sq. cm. 
kgs./sq. meter 
pounds /sq. fi. 
pounds/sq. in. 
otmospheres 


inches of mercury 


kgs. /sq. cm. 

ounces/sq. in. 

pounds /sq. ft. 

pounds /sq. in. 

obsoluie amp. 
(u.s.) 

absolute voit 
(u.s.) 


absolute coulomb 


btu 

ergs 

foot - poUuNCS 

kg. - calories 

kg.- meters 

wot - hrs. 

groms 

dynes 

joules / meter 
(newtons) 

poundals 

pounds 


dynes 
grams 
joules/cm. 
joules / meter 
(newtons) 
poundals 
pounds 
tons (long) 
tons (short) 
ounces (avdp.) 
grams/cu cm. 
pounds/cu. ft. 
pounds/Cu. in. 


pounds / mil-foot 


pounds / ft. 
dynes/sq cm. 
atmospheres 
feet of water 


inches of mercury 


me ame em & 


MULTIPLY BY 


4.578x 410 -§ 
2.54 x 10‘ 
1.0240? 
2.778 x 10 -? 
een * 
5.0505:.x, 40>? 
3.342 x 40 —? 
4.4133 
§:453,110 >? 
545350014 
7.073 x 10 ' 
4.942 x 10 -' 
2.458 x 10 -3 
7.355% 410°-? 
2.54x 10 -? 
§.784x 40 -' 
5 204 

3.643 x 10 -? 
9.998 x 10 -' 


4.00033 


9.99835 x 10-' 


9 486 x 10 -4 
40x 40” 
113010 —" 
2.389 x 10 -4 
4.020 x 10 -' 
ZITO AO ae 
4.020 x 10 ¢ 
40 x 40:7 
40x 410? 


7.233 x 10 ? 
2.248 x 10 ' 


9 80665 x 10 ° 
40x 10° 
9.807 x 10 -? 
9.807 


7.093 x 10 ' 
2.2046 
9.842 x 10 -¢ 
4.402 x 40 -° 
35274x 10° 
40x 107? 
6.243 x 10 -? 
3.643 x 10 -$ 
3.405 x 40 -*° 
Gizxnuy.: 
9 80665 x 10 ° 
9.678 x 10 -' 
3.284 x 10‘ 

2 896 x 10 * 


a PADy In 3 


FROM 


kilograms /sq. meter 
kilograms /sq. meter 
kilograms /sq. meter 
kilograms /sq. mm. 
kilogram - calories 
kilogram - calories 
kilogram - calories 
kilogram - calories 
kilogram - calories 
kilogram - calories 
kilogram - calories 
kilogram - 

calories /min. 
kilogram - 

calories / min. 
kilogram - 

calories / min. 
kilogram - meters 
kilogram - meters 
kilogram - meters 
kilogram - meters 
kilogram - meters 
kilogram - meters 
kilolines 
kiloliters 
kiloliters 
kiloliters 
kiloliters 


kilometers 
kilometers 
kilometers 
kilometers 
kilometers 
kilometers 
kilometers 
kilometers 
kilometers / hr. 
kilometers / hr. 
kilometers / hr. 
kilometers /hr. 
kilometers /hr. 
kilometers / hr. 
kilometers /hr./sec. 
kilometers /hr./sec. 
kilometers /hr./sec. 
kilometers /hr./sec. 
kilowotts 

kilowofts 

kilowatts 

kilowotis 

kilowatts 

kilowatts 

kilowoftt- hrs. 
kilowoftt- hrs. 
kilowott- hrs. 
kilowatt - hrs. 
kilowantt - hrs. 
kilowatt - Ars. 
kilowatt - hrs. 
kilowof - hrs. 
kilowatt - hrs. 


TO 


pounds / sq. ft. 
pounds /sq. In. 
Gynes/sq. cm. 
kgs./sq. meter 
btu 
fool - pounds 
horsepower; - hrs. 
joules 

kg. -meters 
kilojoules 
kilowott- hrs. 

ft. -llos. /sec. 


horsepower 
kilowotts 


btu 
ergs 
foot - pounds 
joules 
kg. -calories 
kilowatt - hrs. 
maxweils 
liters 
Cubic yords 
cubic feet 
gallons 

(u.s. liquid) 
centimeters 
feet 
inches 
meters 
miles (statute) 
miles (nautical) 
millimeters 
yards 
cms./sec. 
feet /min. 
feet /sec. 
knots 
meters / min. 
miles /hr. 
cms./sec./sec. 
ft. /sec./sec. 
meters /sec./sec. 
miles /hr./sec. 
btu/min. 
foot-Ibs./min. 
foot - lbs. /sec. 
horsepower 
kg. -calories/min. 
watts 
btu 
ergs 
foot- ibs. 
gram calories 
horsepower - hours 
joules 
kg -colories 
kg. -meters 
pounds of water 


evaporated from 
Ann nt 949088 


MULTIPLY BY 


2.048 x 40 -' 
4.422 x 10 7) 
9.80665 x 10 ' 
4.0x 40° 
3.968 
3.086 x 10° 
4558x410 -° 
4.483 x 40° 
4.269 x 10? 
4.486 
1.463 x 40 -° 
§.443 x 10 ‘ 


9.354 x 40 -? 
6.972 x 410 -? 


9.296 x 10 -? 
9.807 x 10’ 
7.233 

9.807 

2342, X40: =? 
2.723 x 410 -° 
4.0x 40? 


4.308 
3.5346 x 10° 
2.6418 x 10? 


40x 40° 
3.284 x 46? 
3.937 x 10 ¢ 
40x10? 
6.244x 40 -° 
5.396% 40 -° 
40x 40° 
4.0936 1 40? 
2.7783 4° 
§ 468 1 40° 
9.443 2 10 -° 
§ 3962 4C -* 
4 667 3 10° 
62483 C0 -* 
27782 40° 
94433 4S 7° 
2.7782 46 -' 
62414 x {Cis 
5.692 x 40 ° 
4426x 1C * 
7.076% 108 
4.344 
4.434x410°' 
40x 103 
3.443 x 10? 
3.0 20M? 
2.655 x710 ¢ 
8.5985 x 10 * 
4.344 

S.O ROOF 

8 605 x 10? 
3.6714 x 10° 
Oe 


TouUi- bev US 


foot - pounds 


foot- pounds /min. 
foot - pounds / min. 
foot - pounds /min. 
foot - pounds / min. 
foot - pounds / min. 


foot - pounds /sec. 
foot - pounds /sec. 
foot - pounds /sec. 
foot - pounds /sec. 
foot - pounds /sec. 
turlongs 
furlongs 
furlongs 
furlongs 


Aw 1 oOSCe 
kilowatt - hrs. 
btu/min. 

foot - pounds /sec. 
horsepower 

kg. - calories /min. 
kllowotts 

btu/ hr. 

btu/min. 
horsepower 

kg. -calories/min. 
kilowofts 

miles (u.s.) 

6100s 


10Gun A ow 
3.766 x 410 ~’ 
4.286 x 40 -? 
4.667 x 10 -? 
3.030 x 10 -§ 
3.244 4,10>-* 
2.260 x 10 -$ 
4.6263 

Tali hx 40 —? 
€8418x 10 -? 
4.945x 410 -? 
4.356x 410 -? 
4:25.4,40 ~* 
40x 10‘ 
6.6 x 40? 
2.0447 x 10? 





gallons 
gallons 
gallons 
gallons 
gallons 
gallons 


gallons (liq. br. imp.) 


galions (u.s.) 
gallons of water 
galions/min. 
gallons /min. 
gallons /min. 
gausses 
gousses 
gausses 
gausses 
goausses 
gousses 
gilberts 
gilberts /cm. 
gilberts/cm. 
gilberts/cm. 


gills (british) 

gills (u.s.) 

gills (u.s.) 

gills (u.s.) 

grade 

grains 

grains (troy) 
grains (troy) 
grains (troy) 
grains (troy) 
grains/u.s. gallon 
grains/u.s. gallon 


grains /imp. gallon 


grams 
grams 
grams 
grams 


grams 
grams 
grams 
grams 


4 


Cu. CMs. 
cu. feet 
Cu. inches 
Cu. meters 
Cu. yords 
liters 


gallons (u.s. liquid) 


galions (imp.) 
pounds of water 
cu. feet/sec. 
liters /sec. 

cu. feet/hr. 

lines /sq. in. 
webers/sq. CM. 
webers/sq. in. 
webers/sq. meter 
omp.-turn/cm. 
gilbert/cm. 
ampere - turns 


ompere-turns/cm. 


ompere-turns/in. 

ampere - turns / 
meter - 

cubic Cm. 


~ Cubic cm. 


liters 
pints (liq.) 
radion 
crams (avdp.) 
grains (ovdp.) 
groms 
ounces (avdp ) 
pennyweigh (troy) 
parts /million 
pounds / million 
gallons 
parts / million 
dynes 
grains (troy) 
joules/cm. 
joules /meter 
(newtons) 
kilograms 
milligrams 
ounces (avdp.) 
ounces (troy) 


3.785 x 40? 
4.377 x10 -' 
2.34 x 10? 
3.785 x 10 -? 
4.954x 410 79 
3.785 

4.20095 
8.3267 x 10 -' 


7:958.x 10 —* 
4.0 

7.958 x 10 ~' 
7.958 x 40 -' 
2.024 

7.958 x 40 * 


4.4207 x 10? 
4.48295 x 10 ? 
4.483 x 10 -' 
25040 -* 
4.574x 410 7? 
3.657 x 10 ~? 
4.0 

6.48 x 10 -? 
216833 x 10-2 
4.467 x 40 -? 
4.74148 x 40 ' 
4.4286 x 410 ? 


4.4286 x 10 ' 
9607 x40 2 
Hu5A3 x40 ¢ 
Oreo? x10. =2 
9.807 x 10 -° 


AO AQ =% 
comx 10: 2 
3°527 x 10 -? 
245 x 40-8 


ee 
groms/cu. cm. 
groms/cu. cm. 
grams /liter 

grams /liter 

grams /liter 
grams/sq. cm. 
grom -calories 
gram -colories 
gram - calories 
gram -colories 
gram -colories 
gram - calories 
gram-calories/sec. 
gram -centimeters 
gram -centimeters 
gram -centimeters 
gram -centimeters 
grom-centimeters 






hectograms 
hectoliters 
hectometers 
hectowotts 

henries 

hogsheods (british) 
hogsheads (u.S.) 
hogsheads (u..) 
horsepower 
horsepower 
horsepower 
horsepower (metric) 
horsepower 


horsepower 
horsepower 
horsepower 
horsepower (boiler) 
horsepower (boiler) 
horsepower - hours 
horsepower - hours 
horsepower - hours 
horsepower - hours 
horsepower - hours 
horsepower - hours 
horsepower - hours 
horsepower - hours 
hours 

houls 


hours 

hundredwets(iong) 
hundredwogts(iong) 
hundredwets(iong) 
hundredwe¢ts(shor) 
hundredwots(shor) 






inches 
inches 


e~r =: ~~ 


3.643 x 40 =the 








pounds / Cu. in. 
pounds/mil-foot 3.405x 10 7’ ~ 
grains / gal. 5.84417 x 40‘ 
pounds / 4,000 gal. °8.345 
pounds/cu. ff. 6.2427 x 4 
pounds /saq. ft. 2.048 4 ) 
btu 3.9683 x 40 ~? 
ergs 4.484 x 10’ 
foot - pounds 3.086 
horsepower - hrs 4.5596 x 10 ~° 
kilowott - hrs. 4:462:%40 -° 
wott-hrs. 4.462x 410 -? 
btu/ hr. 4.4286 x 10° 
btu 9.297 x 410 -5 
ergs 9.807 x 10 ? 
joules 9.807 x 40 -° 
kg. -calories 2:343;%40 -* 
kg. -meters 40x10 -5 
ERE eh 
cm. 4.046 x 10° 
acres 2.474 
sq. feet 4.076 x 10 ° 
grams 410 x0? 
liters 4.0x 10? 
meters 4.0 x 410? 
wotts 40x10? 
millinenries 4.0x 410° 
cubic ft. 4.0444x 10' 
cubic ft. 8.424184 
gallons (u.s.) 6.3.x 10‘ 
btu/min 4.244 x 1Q 
foot: ltos. / min. 3.3010* 
foot - lbs. /sec. §.50x 10? 
horsepowe’ 9.863 x 10 -° 
horsepower 4.044 
(metric) 
kg.-calories/min. 4.068 x 10° 
kilowofts 7.457 x 10 -' 
watts 7.457 x 10 ? 
btu/hr. 33352.%°10* 
kilowatts 9.803 
btu 2.547 x 10? 
ergs 2.6845 x 10 * 
foot- Ibs. 4.98 x 10° 
gram -calories 6.4419 x 105 
joules 2.684 x 10° 
kg -calories 6447: 10: 
kg -meters Jere? XAG 
kilowoftt - hrs VAor se =" 
doys 4.467% AG“ 
weeks § 952% 40 => 
seconds 3.6 x 10? 
pounds 4.42x 410? 
tons (long) Suen =? 
kilograms 5.08023 x 10 ° 
tons (metric) 4.53592 x 40 ~- 
tons (long) 4.46429 x 10-- 
kilograms 


centimeters 
meters 


453592 x 10° 





4.689 
5.448 x 40 * 





lambert 
lombert 
league 

light year 

light year 

lines /sq. cm. 
lines/sq. in. 
lines /sq. in. 
lines/sq_ in. 
lines /sq. in. 
links (engineers) 
links (surveyors) 
liters 

liters 

liters 

liters 

liters 

liters 

liters 


liters 

liters 
liters /min. 
liters /min. 
109 10 A 
inn 
lumen 


lumen/sq. ft. 
lumen/sq ft. 
lux 


candle /sq. cm. 

condle /sq. in. 

miles (PProx.) 

miles 

kilometers 

gausses 

gausses 

webers/sq. CM. 

webers/sq. in. 

webers/sq. meter 

inches 

inches 

bushels (u.s. dry) 

cu. cm. 

cu. ft. 

cu. inches 

Cu. meters 

cu. yards 

gallons 

(u.s. liquid) 

pints (u.s. liquid) 

quorts (u.s. liquid) 

cu. ft./sec. 

gals./sec. 

inn 

109 0 

spherico! candle 
power 

foot-candies 

lumen-sq meter 

foot-candles 


3.483 x 10 -' 
2.054 

3.0 

§9x 410" 
9.46094 x 10‘? 
4.0 

4.55x 40 -' 
455x410 -° 
40x 410-° 
ar Seix Oks * 
4.2x 410° 
7.92 

2.838 x 10 -? 
4.0x 10° 
3.534 x 40 -? 
6.402 x 40 ' 
4.0 xa@0;-" 
4.308 x 10 -? 
2.642 x 10 —' 


2.443 
4.057 
5.886 x 10 —* 
4.403 x 10 -° 
2.303 
4.343 x 10 ~' 
7.958 x 10 ~? 


40 
4.076x 10° 
9.29 x 10 -? 





maxwells 
moxwells 
megalines 
megohms 
megohms 


megmnhos/cubic Cm. 
megmhos/cubic cm. 


megmhos/cubic cm. 
megmhos/in. cube 


meters 
meters 
meters 
meters 
meters 
meters 
meters 
meters 
meters 
meters 
meters/min. 
meters / min. 
meters /min. 


6 


kilolines 
weberls 
maxwells 
microhms 
ohms 
abmhos / cubIC 
cm. 
megmhos / CubIC 
in. 
mhos/ mil. ft. 
megmhos / cubic 
cm. 
angstrom units 
centimeters 
fathoms 
feet 
inches 
kilometers 
miles (nautica!) 
miles (statute) 
millimeters 
yords 
cms./sec. 
feet/min. 
feet/sec. 


4.0x 40 -> 
40x 40-° 
40x 10° 
4.0x 10 * 
40x 410° 
40x10 -? 


2.54 


4662x1410 7! 
3:03 70.10 —* 


AO yA 3° 
40x 40? 
§.4684x 410 —' 
3.284 

393 15-108 
4.0 xD) 4 
5.396 x 10 - 
6214x410 ~¢ 
40x 40° 
4.094 

4.667 

3.284 

5.468 x 10 -? 


meters/sec. 
meters /sec. 
meters/sec. 
meters /sec. 
meters /sec. 
meters /$ec. 


meters/sec./sec. 
meters/sec./sec. 
meters/sec./sec. 


meters/sec. / Sec 
meter - kilograms 
meter -kilograms 
meter - kilograms 
microfarads 
microfarads 
microfarads 
micrograms 
micronms 
microhms 
microhms 
microliters 
MiCcromicrons 
microns 

miles (nautical) 
miles (nautical) 
miles (nautical) 
miles (nautical) 
miles (nautical) 
miles (statute) 
miles (statute) 
mites (statute) 
miles (statute) 
miles (statute) 
miles (statute) 
miles (statute) 
miles (statute) 
miles/hr. 

miles / hr. 
miles / hr. 

miles / hr. 

miles / hr. 
miles/hr. 

miles / hr. 

miles /hr. 

miles /hr./sec. 
miles/hr./sec. 
miles /hr./sec. 
miles/hr./sec. 
miles /min. 
miles/min. 
miles/min. 
miles /min. 
miles /min. 
milliers 
millimicrons 
milligrams 
milligrams 
milligrams /liter 
millinenries 
milliliters 
millimeters 
millimeters 
millimeters 
millimeters 
millimeters 
millimeters 


feel; min. 

feet /sec. 
kilometers /Nr. 
kilometers / min. 
miles /hr. 
miles /min. 
cms./sec./sec. 
ft./sec./sec. 
kms. /hr./sec 
miles /hr./sec 
cm.-dynes 
cm.-grams 
pound - feet 
obfarads 
farads 
statfarads 
grams 
abohms 
megohms 
ohms 

liters 

meters 

meters 

feet 
kilometers 
meters 

miles (statute) 
yards 
centimeters 
feet 

inches 
kilometers 
meters 

miles (nautical) 
yords 

light years 
cms./sec. 

ft. /min. 
ft./sec. 

kms. /hr. 

kms. /min. 
knots 

meters /min. 
miles /min. 
cms./sec./sec. 
ft. /sec./sec 
kms. /hr./sec. 


meters/sec./sec. 


cms./sec. 
feet/sec. 
kms. /min. 
knots /min. 
miles/hr. 
kilograms 
meters 
grains 
grams 

parts / million 
henries 
liters 
centimeters 
feet 

inches 
kilometers 
meters 
miles 


eV OORK bic 
3.284 

3.6 

6.0x 40 -? 
2.237 
3.728 x 10 -? 
40x 10? 
3.284 

3.6 

2.237 

9.807 x 10’ 
40x 10° 
7.233 

nO XO rn: 
*O x10. : 
90x 40° 
Ox 405° 
40x10 
40x 410 -" 
40x 10-° 
xX 10. 
40x10 -% 
AO X40 <° 
6.076 x 10°? 
4.853 
4.853 x 40° 
4.45416 
2.0254 x 10° 
4.609 x 10 ° 
5.280 x 10? 
6.336 x 40 4 
4.609 
4.609 x 10? 
8.684 x 10 -‘ 
4.760 x 10? 
469x407" 
4.470 x 10° 
8.8 x 10° 
4.467 

4.6093 
2.682 x 10 ~? 
8.684 x 10 —' 
2.682 x 10 ' 
4.667 x 10 -? 
4.47x 40‘ 
4.467 

4.6093 
AALS AG ° 
2.682 x 10° 
88x 10° 
4.6093 

8.684 x 10 —' 
6.0 -x403 
4040 2 
40x10 -° 
45432 x40 5" 
“ae ok (8 i 
4.0 

ALO ea 08=? 
ALOTe1@ =? 

A Okx 407° 
B284ex UG =? 
3: 93na40 ~* 
PO RAO '-* 
4.0%" 40 = 
&244% 40 -* 




























FROM TO MULTIPLY BY FROM TO MULTIPLY BY 
millimeters mils 3.937 x 40 ' pennyweights (troy) ounces (troy) §.0x 40 -? 
millimeters yords 4.094x 40 -? pennyweighis (troy) grams 4.555 
million gals. /day cu. ft./sec. 4.54723 pennyweights (troy) pounds (troy) 4.1667 x 40 -? 
mils centimeters 2.54x40 7? pints (dry) Cubic inches 3.36 x 40° 
mils feet 8 333x410 -§ pints (dry) bushels 4.5625 x40 -? 
mils inches 4.0x 407° pints (dry) quans 5.0x 40 -' 
mils kilometers 2.54 x.40.5° pints (dry) liters 5.5059 x 10 -' 
mils yards 2.778x 10 - pints (liquid) cubic cms. — 4.732 x 10? 
miner's inches cu. ft./min. AS pints (liquid) cubic ft. 4674x410 -? 
minims (british) cubic cm. 5.9492 x 40 -? pints (liquid) cubic inches 2.887 x 10 * 
minims (u.s. fluid) cubic cm. 6.4642 x 40 -? pints (liquid) cubic meters 4.732 x 10 -‘ 
minutes (angles) degrees 4.667 x 10 -? pints (liquid) cubic yards 6.489 x 10 ~¢ 
minutes (angles) quocronts 4.852x 40 -‘ pints (liquid) gallons 4.25x 40 -‘ 
minutes (angles) radians 2.909 x 10 ~—‘ pints (liquid) liters A:732xAG—* 
minutes (angles) seconds 6.0 x 40 ' pints (liquid) quarts (liquid) 5.0 x 40 ~' 
minutes (time) weeks 9.9206 x 10 -§ planck’s quantum erg-seconds 6.624 x 10 ~?” 
minutes (time) days 6.944 x 40 -¢ poise gram/cm. -sec. 4.0 
minutes (time) hours 4.667 x 10 -? pounds (avdp.) ounces (troy) 4 4583 x 10‘ 
minutes (time) seconds 6.0x 10° poundals dynes 4.3826 x 10 ¢ 
myriagrams kilograms 40x10‘ poundals grams 4.44x 410° 
myriameters kilometers 40x 410° poundals joules/cm. 4.383 x 40 -? 
myriawotts kilowatts 4.0x 10° poundals joules /meter 4.383 x 40 —* 
a (newtons) 
e poe RS ter poundals kilograms 4.44x 40 -? 
iS aE Rear aE ae eee poundals pounds 3.408 x 40 -? 
pound: i : ? 
noils inches 2.25 pou ea . Sites pre ‘ 
pounds grains 7.0x 10? 
pounds grams 4.5359 x 10 ? 
Se ee pounds joules/cm. 4.448 x 10 -? 
oS ee are pounds joules / meter 4.448 
(newtons) 
ohm (international) ohm (absolute) 4.0005 pounds kilograms 4.536 x 40 -! 
ohms megohms 1.0x 40 ~* pounds ounces 4.6x 410° 
ohms microhms 40x 40° pounds ounces (troy) 4.458 x 10‘ 
ounces cor 60 pounds poundals 3.247 x 10° 
ounces grains 4.375x 410? pounds pounds (troy) 4.24528 
ounces grams 2.8349 x 10 * pounds tons (short) 50x 410-4 
Ounces pounds 6.25 x 10 ~? pounds (troy) grains §.760 x 10° 
ounces ounces (troy) 9.445x 40 -' pounds (troy) grams 3.7324 x 10? 
ounces tons (long) 2.790 x 10 =* pounds (troy) ounces (advp.) 1.3466 x 10' 
ounces tons (short) 3.125 x 10 ~* pounds (troy) ounces (troy) 42x40‘ 
ounces (fluid) Cu. inches 4.805 pounds (troy) pennyweights 2.4x 410? 
ounces (fluid) liters 2.957 x 10 -? (troy) 
ounces (troy) grains 480x410? pounds (troy) pounds (advp.) 8.2286x 10 7‘ 
ounces (troy) grams 3.4403 x 10° pounds (troy) tons (long) 3.6735 x 10 -* 
ounces (troy) ounces (avap.) 4.097 pounds (troy) tons (metric) 3.7324 x 40 -4 
ounces (troy) pennyweignts 2.0x 40° pounds (troy) tons (short) 4.4443 x 40 -¢ 
(troy) pounds of water cu. ft. 4 602 x 10 -? 
ounces (troy) pounds (troy) 8.333 x 40 ~? pounds of water cu. inches 2.768 x 10‘ 
ounce /sq. in. dynes/sq. cm. 4.309 x 10° pounds of water gallons 4.498 x10 -* 
ounce/sq. In. pounds /sq_ in. 6.25.x 10%" pounds of water/min. Cu. ff./sec. 2.610 % 40 =" 
pound - feet cm.-dynes 4 S50.kaG 
pound - feet cm.-groms 4.3825 x 10 
pound - feet meter - kgs. ete Gs |i bie 
>oce inches 3.0x 40° pounds /cu. ft grams/cu. cm. 4.602% AOss* 
porsec miles 49x40% pounds/cu. ft. kgs./cu. meter 4.602 x 10° 
parsec kilometers 3.084x 410%? pounds /cu. ft. pounds/cu. inches 5.787 x : | 8 Mapes 
parts / million grains/u.s. gol 5.84x 40 -? pounds /cu. ft pounds/mil-foot 5.456 x 10 —* 
parts / million grains/imp. gal. 7.046 x 10 ~? pounds/cu. in. grams/cu. cm. 2.768 x 10° 
parts /million pounds / million 8.345 pounds / cu. in. kgs./cu. meter 2.768 x 10 4 
gal. pounds /cu. in. pounds /Cu. ft. 4.728 x 10° 
pecks (british) cubic inches 5 546 x 10? pounds/cu. in. pounds / mil- foot 9475x140" -* 


oe mn nme (# yaec '~ ste’ 4 402 














coon ee ee ee Saeed Siugs pounds Salt Chk 
pounds /sq in. inches of mercury 2.036 sphere (solid angle) steradians 4.257 x 40° 
pourds/sq.in. kgs./sq. meter 7.034 x 10? square centimeters circular mils 1.973 x 40 * 
powneia'n — powncia 148110", canines safe 1 
pounds /sq. in. kgs./sq.cm. 7.03 x 40 -? pet CNBR Cl AE mae Bia Ve eee 
: square centimeters sq. meters Ox Ss 
squore centimeters $q. miles SOO ae 
square centimeters $q. millimeters 1.0% 40.2 
square centimeters sq. yards 4.196x 10 -‘ 
quadrants (angie) degrees 90x 40° squore degrees steradians - 3.0462 x 10 ~‘ 
quadrants (angie) minutes 54x 10? tose aia ives Dee eee 
quadrants (angle) radians 4.574 square feet circular mils 4.833 x 10° 
quadrants (angle) seconds 3.24 x 105 aah fe es 9-27 M0 
quorts (dry) cu inches 6.72x 410° cies ae nee Supppeat el 
quarts (liquid) cu. cms. 9 464x102 square feet sq. meters 9.29 KOE 
quarts (liquid) cu. ft. 3.342 x 40 -? square feet sq. miles 3.587 x 10 ~* 
quarts (liquid) Cu. inches 5775x410! square feet $q. millimeters 9.29 x 104 
quarts (liquid) cu. meters 9.464 x 10 -4 square feet sq. yards 445 x 40% 
quarts [liquid) cu. yords 4.238 x 10 -? square inches circular mils 4.273 x 10° 
quarts {liquid) gallons 25510 square inches sq. cms. 6.452 
quarts (liquid) liters 9.463 x 10 -' square inches sq. ft. 6.944 x 40 -? 
square inches $q. millimeters 6.452 x 10? 
square inches $q. mils 40x 10° 
square inches sq. yards 7.116 x80°>4 
ane degrees 5.7296x 40! squore kilometers acres 2.474 x 10? 
radions minutes 3438x4103 square kilometers sq. cms. 4.0x 10 * 
rodions quadrants 6.366 x 40 -! square kilometers sq. ft. 4.076 x 10’ 
radians seconds 2.063 x 10 5 square kilometers sq. inches 4.550 x 10° 
radions/sec. degrees / sec. 5.7296 x 10 ' square kilometers $q. meters 4.0x 10° 
radians /sec. revolutions / min. 9.549 square kilometers $q. miles 3.864 x 10 -‘ 
radians /sec. revolution /sec. 4.592 x 10 —' square kilometers sq. yords 4.196x 10° 
radions/sec./sec. revs. /min./min. 5.7296 x 10? square meters ocres 2474x4074 
radians /sec./sec. revs./min./sec. 9.549 squore meters sq. cms. 40x 404 
radians/sec /sec revs /sec./sec S592 540- square meters sq. tt. 4076x 40° 
Sage bt) snee's 9.0 x 10? i square meters sq. inches 4.55 x 10? 
ses cosines 3 squatemetes sai mies = 3808 10 
rearohohones See 6 283 square meters sq. millimeters 10 ' x10." 
revolutions / min. Gegrees/sec. 6.0 sah mien Ss ae 
revolutions /min. radians/sec. 4.047 x 410 -' cree naios ae 6.40 x 10? 
revolutions / min. revs /$ec. 4.667 x 40 -? square miles sq. fl. 2.788 x 10’ 
revs./min./min. radians/sec‘/sec. 1.745 x 40 7-3 square miles sq. kms. 2.590 
revs. /min./min. revs./min./sec. 1.667 x 10 -? square miles sq. meters 2.590 x 10° 
revs. /min./min. revs. /sec./sec. 2.7 70x 10ic5 square miles sq. yards 3.098 x 10° 
revolutions /sec. degrees/sec. 3.6x 10? square millimeters circular mils 4.973 x 10° 
revolutions/sec. radians /sec. 6.283 square millimeters sq. cms. 1.0 x40%5? 
revolutions /sec. revs./min. 6.0 x 410 ' square millimeters sq. ft. 4.076% 400-* 
revs./sec /sec radians/sec./sec. 6283 square millimeters sq. inches 455x410-3 
revs. /sec./sec. revs./min./min. B Wee 18 square mils circular mils W273 
revs./sec./sec. revs./min./sec 6.0 x 40 ' square mils sq. cms. 6.452% 100 
rods chains (gunters) 25x 410-' square mils sq. inches 40x10 -¢ 
rods meters - 9.029 square yards acres 2.066 x 10 -4 
rods (surveyors’ meas } Ary ne pe square yards sq. cms. 8.364x 40? 
ae hs 1.98 : 10? Seater sae ae : 
ane ae 3425x 40-3 square yards sq. inches 4.296 x 10°? 
nog yaa 20x 40° square yards sq. meters 6364x400 -- 
square yards sq. miles Seco 
square yards sq. millimeters 8364x405 
steradcions spheres 7-958) 5 Oe 
steradians hemispheres 4.592 xia. =? 
sdarine sas 20x40! steradions ae right 6.366, x40 2="* 
seconds (angie) degrees 2.778 x 10 ~¢ steradians square degrees 3283x412? 
seconds (angie) minutes 1667 x 10 -? steres liters 9.99973 x 102 
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webers /sq. meter lines /sq. In. 6.482 x 10 ¢ 


















webers /sq.meter webers/sq. cm. 40x10 -¢ 
lernpetotire (3 Pecoiiie 40 webers /sq. meter webers/sq. In. 6.452 x 40 ~‘ 
. : 2 
+273 imperoture (4 oar ae ae 
pe eeeeas (°C.) temperature (°F.) 4.8 ebKs Seenarie 6.048 x 10 * 
temperature ( °F.) absolute 4.0 reece 
+460 temperature (*R.) is ees Saye fa Sas “gears 
temperature (°%F.)-32 temperature (°C.) 59 a =—— ; 
tons (long) kilograms 4.046 x 10° ‘ 
yards centimeters 9.444 x 40 
He long) erties 12 es yards kilometers 9.144 x 10 ~* 
A yords meters 9.444 x 10 -' 
ete) seer 2205 1 10° yards miles (ocutioal 4 Deas 
tons (short) kilograms 9.0748 x 40? Sa niles (lotule] St eae 
rie na poise aa yards millimeters 9.444 x 402 
5 2 
tons (short) ounces (troy) 2.9466 x 10 4 eat il er ay sears ‘ 
tons (short) pounds 2.0 x 410 3 sat ate Cr as : 
tons (short) pounds (troy) 2.43 x 40? 
tons (short) tons (long) 8.9287 x 10 -' 
tons (short) tons (metric) 9.078 x 10 -' 
tons (short) /sq. ft. kgs./sq. meter 9.765 x 10? 
tons (short)/sq. ft. pounds /$q.in. 4.389 x 10 ' 
tons (short) /sq. in. kgs./sq. meter 4.406 x 10° 
tons (short) /sq.in. pounds /sq. in. 2.0 x 10? 
tons of water/24 hrs. pounds of woter/ 8.333 x 10‘ 
hr. 
tons of woter/24 hrs. gallons /min. 4.6643 x 10 —* 
tons of water/24 hrs. Cu. ft./hr. 4.3349 








volt /inch abvolts/cm. 3.937 x 10’ 
volt /inch volt/cm. 3.937 x 10 - 
volt (absolute) statvoits 3.336 x 40 -3 
volts obvolts 40x410° 








watts btu/hr. 3.4129 
wotts btu/min. 5.688 x 10 -? 
wotts ergs/sec. 10;:xE102 
wotts ft. -llbs./min. 4.427 x 10' 
watts ft.-Ibs./sec. J.0798K10 oe 
watts horsepower 4.341% 40 =? 
woftts horsepower ALSO) Oued” 
(metric) 
watts kg.-colories/min. 4.433 x 10 ~? 
wotts kilowatts 4.0x 410 7-3 
watts (abs.) joules/sec. 4.0 
watt- hours btu 3.443 
watt - hours ergs 3:6 KAD 
watt - hours foot- Ibs. 2.656 x 10 ? 
watt - hours gram-calories 8.605 x 10 ? 
wott- hours horsepower-hours 4.344x 40 —? 
watt- hours kilogram-calories 8.605x 10 ~' 
wott- hours kilogram-meters 3.672 x 10? 
woatt- hours kilowatt-hours AO 0 ie 
watt (international) watt (absolute) 4 000165 
webers maxwells An XatO* 
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Problem 
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PLACER PROBLEM 


Placer property 25 miles from nearest highway 

via an unimproved gravel road. Nearest town is 20 
miles from the turn-off to the property. Six claims 
located at the 3000 foot elevation ina valley 300 feet 
wide. Smith Creek flows year round at 5 f pm. Gravels 
are estimated to be 5 to 15 feet deep covered by 2 to 4 
feet of overburden. Boulder content of the gravel is 
estimated at 20 %. Pay values are in the lower 2 feet 
and 1 foot into bedrock and averages 0.025 ounces per 
yard. Gravels average 3000 lbs. per yard. 


Mine rate: 250 yards processed per 8 hour day. 

Mine employs 3 men including the owner. 3 

Equipment on site includes: D-8 dozer, 3/4 yd backhoe/excavator 
trommel screen feeding a 20 foot tri-channel 

sluice box with 32" wide channels, 6 Kw generator, pickup truck, 
camp buildings, tool and storage sheds. 


PROBLEM ONE 


® 


What method(s) would you use to sample this property? 


List three advantages and three disadvantages of the chosen 
method(s). 


List what you would do to minimize salting of your samples. 


PROBLEM TWO 


Using the sampling method chosen in Problem one, calculate the 
value of each sample. 


Calculate the reserves of the property using the block and/or 
triangle method. 


Using IC 9170, calculate the operating costs for this property. 
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A typical alluvial plant extracting gold at Blac. Ser on the We. 
Coast. The hydraulic excavator or digger feeds gravel into 

rotating screen which sieves the finer material. This finer mater 
is passed over a riffle table where the gold ts caught in the groov 
The line drawing shows larger rocks passing through the rotati: 
drum sieve (trommel) and being cleared bya bulldozer in the init 
stages of land rehabilitation. 
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water flushes gravel and 
gold onto riffle table 


dozer to remove and 
spread coarse tailings 
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TRIANGLE MeTHOUD 








Beock METHOD 











COST ESTIMATE 


@ from USBM IC 9170 

Overburden Removal: 

Bulldozers- 

CY (U,) + ¥, (0,03 x Fs x Fs x Fs x F = $/LCY 

$o. 

Mining 

Backhoes - 

CY (U,) + ¥, (0,0) x Fy x Se x Fy x F = $/LCY 

$0 

Processing: 

Trommel - 

CY (U,) + ¥,(U,)] = $/LCY 

Sluice - 

) CY, + Y,! = $/LCY 

Tailings Removal - 

CY (U,) + ¥, (U))] x Fs x Fy = $/LCY 
Supplemental: 

Lost Time & General Services - 

a a Y = $/LCY 

Pumps - 

CY (U,) CHD] +(¥, (U)) CH, )] = $/LCY 
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Bob Lewis: 
Estimating Resources 











MINE DESCRIPTION 
Prob 2 
BCY ORE PER DAY PROCESSED= 
DAYS PER YEAR= 
HOURS PER DAY= 
SWELL FACTOR (Z)= 


% GRAVEL SCREENED BEFORE PLANT 


TOTAL BCY OVBD REM’VD FROM MINE 


BCY OVBD PER DAY REMOVED= 


--— CAPITAL COSTS —-- 
PREPRODUCTION CAP COST 
MINE CAP COST 
MILL CAP COST 
SUPPLEMENTAL 


TOTAL 


—--— OPERATING COSTS --- 
OVERBURDEN REMOVAL 
MINING 
PROCESSING 
TAILINGS REMOVAL 
SUPPLEMENTAL 


TOTAL 


290 HRS/YEAR= 
90 LCY ORE/YR= 
8 LCY ORE/HR= 
30 LCY OVBD/HR 


100 OVBD+ORE/HR 


$3.14 PER YARD 





720 
29250 
40.63 
35.75 


76.38 
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Ad MINERAL RESOURCE CLASSIFICATION SYSTEMS 


ter of the deposit and for which there are few, if any, samples 
or measurements. The estimates are based on an assumed 
continuity or repetition, of which there is geologic evidence; 
this evidence may.include comparison with deposits of similar 
type. Bodies that are completely concealed may be included if 
there is specific geologic evidence of their presence. Estimates 
of interred reserves or resources should include a statement 
of the specific limits within which the inferred material may 
lie. 

Identified-Subeconomic.—Resources that are not Reserves, but 
may become so as a result of changes in economic and legal 
conditions. 


Paramarginal.—The portion of Subeconomic Resources that (1) 
borders on being economically producible or (2) is not com- 
mercially available solely bécause of legal or political 
circumstances. 


Submarginal.—The portion of Subeconomic Resources which 
would require a substantially higher price (more than 1.5 
times the price at the time of determination) or a major cost- 
reducing advance in technology. 

Hypothetical resources.—Undiscovered resources that may rea- 
sonably be expected to exist in a known mining district under 
known geologic conditions. Exploration that confirms their 
existence and reveals quantity and quality will permit their 
reclassification as a Reserve or Identified-Subeconomic 
resource. 


Speculative resources.—Undisovered resources that may occur 
either in known types of deposits in a favorable geologic 
setting where no discoveries have been made, or in as yet 
unknown types of deposits that remain to be recognized. 
Exploration that confirms their existence and reveals quan- 
tity and quality will permit their reclassification as Reserves 
or Identified-Subeconomic resources. 


AREAS OTeRESPONSIGILITY AND OPERATIONAL 
PROCEDURES 


U.S. Bureau of Mines.—The Bureau appraises, analyzes, and pub- 
lishes reserve estimates from base data supplied by the min- 
eral and energy materials industry, the U.S. Geological 
Survey, and other governmental agencies. The Bureau judges 
commodity recoverability on existing economic and legal 
factors. 





PRINCIPLES OF THE CLASSIFICATION SYSTEM Ad 


U.S. Geological Survey.—The Survey appraises, analyzes, and 


publishes estimates of Total Resources. It reports such meas- 
urable parameters of significance to resource evaluation as 
location, -quality, quantity, and situation of Identified 
resources. 


Annual Resource Summation.—The U.S. Bureau of Mines and 


U.S. Geological Survey will confer and agree annuaily on 
estimates in all of the resource categories defined above. 
These data will be in Bureau or Survey publicaticns and will 
be available for inclusion in the Secretary’s Annual Report 
required by the Mining and Minerals Policy Act of 1970. 


Ad Hoc Joint Conferences.—The Directors will convene ad hoc 


joint work groups to resolve problems in the resource area. 




















A2 MINERAL RESOURCE CLASSIFICATION SYSTEMS 


To serve these planning purposes Total Resoures are classified 
both in terms of economic feasibility and of the degree of geologic 
assurance. The factors involved are incorporated in figure 1 to 
provide a graphic classification of Total Resources. 

General guides for the use of this classification system are as 
follows: 


1. Resource categories and definitions in the classification, as 
specified in the glossary, should be applicable to all naturally oc- 
curring concentrations of metals, nonmetals, and fossil fuels. The 
categories may be subdivided for special purposes. 

2. Definitions may be amplified, where necessary, to make them 
more precise and conformable with accepted usage for particular 
commodities or types of resource evaluations. 

3. Quantities and qualities may be expressed in a variety of 
terms and units to suit different purposes, but must be clearly 
stated and defined. 


GLOSSARY OF RESOURCE TERMS 


Resource.—A concentration of naturally occurring solid, liquid, 
or gaseous materials in or on the Earth’s crust in such form 


TOTAL RESOURCES 
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Submarginal 


#——_ Increasing degree of economic feasibility SS 


—<— increasing aegree of geclogc assurance ——— nl 


FicurE 1.—Classification of mineral resources. 








PRINCIPLES OF THE CLASSIFICATION SYSTEM A3 


that economic extraction of a commodity is currently or 
potentially feasible. 

Identified resources.—Specific bodies of mineral-bearing material 
whose location, quality, and quantity are known from geo- 
logic evidence s rted bv engineering measurements with 


uppo 
respect to the demonstrated category. 


Undiscovered resources.—Unspecified bodies of mineral-bearing 
material surmised to exist on the basis of broad geologic 
knowledge and theory. 

Reserve.—That portion of the identified resource from which a 
usable mineral and energy commodity can be economically 
and legally extracted at the time of determination. The term 
ove is used for reserves of some minerals. 


The following definitions for measured, indicated, and inferred 
are applicable to both the Reserve and Identified-Subeconomic 
resource components.’ 


Measured.—Reserves or resources for which tonnage is computed 
from dimensions revealed in outcrops, trenches, workings, and 
drill holes and for which the grade is computed from the 
results of detailed sampling. The sites for inspection, sam- 
pling, and measurement are spaced so closely and the geologic 
character is so well defined that size, shape, and mineral con- 
tent are well established. The computed tonnage and grade 
are judged to be accurate within limits which are stated, and 
no such limit is judged to be different from the computed 
tonnage or grade by more than 20 percent. : 


Indicated.—Reserves or resources for which tonnage and grade 
are computed partly from specific measurements, samples, or 
production data and partly from projection for a reasonable 
distance on geologic evidence. The sites available for inspec- 
tion, measurement, and sampling are too widely or otherwise 
inappropriately spaced to permit the mineral bodies to be 
outlined completely or the grade established throughout. 


Demonstrated.—A collective term for the sum of measured and 
indicated reserves or resources. 

Inferred.—Reserves or resources for which quantitative estimates 
are based largely on broad knowledge of the geologic charac- 





1The terms proved, probable, and possible (used by the industry and cconomic evalua- 
tions of ore in specinc deposits or districts) commoniy have been used limrely and interes 
chanweably with the terms measured, indicated, or inferred (used by the Department of the 
Intemur mainiv for resiunal or national estimates). The terms “proved” and “measured” 
are essentially synonymous. The terms “probable” and “possible,” however, are not synony- 
muus with “indicated” snd “interred.” ‘Probable’ and possible’ dexeribe estimates 
partiv sampted deposits—in some detinitions. for example, ‘probable’ is used to describe 
deposits sampled on two or three sides. and “possible” for deposits sampted only on one 


side; in the Bureau-survey dennitions, poth would be «wescribed by the term “indicated.” 
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PRINCIPLES OF THE MINERAL 
RESOURCES CLASSIFICATION SYSTEM 
OF THE U.S. BUREAU OF MINES 
AND U.S. GEOLOGICAL SURVEY 


GENERAL DEFINITION OF MINERAL AND ENERGY 
RESOURCES 

The dictionary definition of resource “something in reserve or 
ready if needed” has been extended for mineral and energy re- 
sources to comprise all materials surmised to exist having present 
or future values. In geologic terms a mineral or energy resource is 
a concentration of naturally occurring solid, liquid, or gaseous ma- 
terials in or on the Earth’s crust in such form that economic ex- 
traction of a commodity is currently or potentially feasible. Ma- 
terial classified as a reserve is that portion of an identified re- 
source producible at a profit at the time of classification. 

Total Resources are materials that have present or future value 
and comprise identified or known materials plus those not yet 
identified, but which on the basis of geologic evidence are pre- 
sumed to exist. F 


PHILOSOPHIC BASIS FOR A RESOURCE CLASSIFICATION 


Public attention usually is focused on current economic avail- 
ability of mineral or energy materials (reserves). Long-term pub- 
lic and commercial planning, however, must be based on the 
probability of geologic identification of resources in as yet undis- 
covered deposits and of technologic development of economic 
extraction processes for presently unworkable deposits. Thus, all 
the components of Total Resources must be continuously re- 
assessed in the light of new geologic knowledge, of progress in 
science, and of shifts in economic and political conditions. 

Another requirement of long-term planning is the weighing ot 
total or multi-commodity resource availability against a particular 
need. To achieve this the yveneral classification system must be 
uniformly applicable to all commodities so that data for alternate 
or substitute commodities can be compared. 


Al 
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FOREWORD 


In order to use mineral resource terms with precision and com- 
mon understanding and to compare resource data effectively, a 
joint U.S. Bureau of Mines and U.S. Geological Survey work 
group developed a standardized, definitive, broadly applicable 
classification system to derive uniform, coordinated resource esti- 
mates. This report presents the results of the work group that 
developed the basic terms of mineral resource classification. Other 
chapters in this series will present classification terms for specific 
commodities. 


Tawar V. fable. Dei aire 


Thomas V. Falkie V.E. McKelvey 
Director, Bureau of Mines Director, Geological Survey 
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United States Department of the Intenor 


OFFICE OF HEARINGS AND APPEALS 


Inrenor Boaru ot Lanu Appeais 
4015 Wilson Boutevara 
Arlineron. Virginia 22203 


. VANDERBILT GOLD CORP. 


IBLA 92-322 Decided April 19, 1993 


Appeal from a decision of 
Management, rejecting hardrock 


(WASH) . 


Affirmed as modified. 


i. 


Mineral Lands: Prospecting Permits 


The Secretary has discretionary authority to issue 
mineral prospecting permits when prospecting or 
exploratory work is necessary to determine the 


a prospecting 

regarding the quality and quantity of a deposit to 
conclude that only an increase in the price of the 
commodity would render a deposit workable. 


Mineral Lands: Prospecting Permits 


BIM may reject a prospecting permit if further pres- 
pecting or exploratory work would not disclose the 
existence or workability of a deposit of hardrock 
mineral. A deposit is considered workable when the 


Although the Board has discretionary authority to order 
a hearing before an Administrative Law Judge pursuant 
+o 43 CFR 4.415, a hearing is necessary only when there 
is a material issue of fact requiring resolution through 
the introduction of testimony ard other evidence. 


126 IBLA 72 


the Oregon State Office, Bureau of Land 
prospecting permit application OR 45170 


IBIA 92-322 


4. Evidence: Burden of Proof—Mineral Lands: Prospecting 
Permits 


When considering what evidentiary burden should be 
placed upon BIM in an appeal from a rejection of a 
ing permit application, it is proper to weigh 


1872 Mining Law. 


APPEARANCES: Thomas P. Erwin, Esq., Reno, Nevada, for appellant and 
intervenor, Teck Resources, Inc.; Donald P. Lawton, Esq., Assistant 
Regional Solicitor, Portland, Oregon, for the Bureau of Land Management. 


OPINION BY ADMINISTRATIVE JUDGE MULLEN 


Vanderbilt Gold Corporation (Vanderbilt) has appealed from the 
February 21, 1992, decision of the Oregon State Office, Bureau of Land Man- 
agement (BIM), rejecting hardrock prospecting permit application OR 45170 
(WASH). Vanderbilt had filed an application for a permit to prospect for 
copper, molybdermm, gold, silver, and associated minerals on 897.9 acres 
of acquired lands within portions of secs. 7, 8, 9, 16, 17, 18, 19, amd 20, 
T10N., R. 6 E., Willamette Meridian, Washington. This land also lies 
within the Gifford Pinchot National Forest. By order dated May 26, 1992, 
Teck Resources, Inc. (Teck), was allowed to intervene. 1/ 


(1) The Secretary has been granted discretionary authority to issue 
mineral prospecting permits and leases. Prospecting permit issuance is 
authorized only if “prospecting or exploratory work is necessary to deter- 
mine the existence or workability of a particular hardrock mineral (Ss) ." 

43 CFR 3562.1. However, this regulation does not mandate permit issuance 
whenever available evidence does not indicate that a known deposit is 
workable. For example, if a known deposit cannot be considered workable 
because the value of the mineral in place is less than the cost of extract- 
ing it, and further prospecting or exploratory work would not result in 

a significant change in its size or grade, a prospecting permit would not 
be warranted. Said another way, jit would not be appropriate to issue a 
prospecting permit when sufficient data exists regarding the quality and 
quantity of a deposit to conclude that only an increase in the price of 
the commodity would render the deposit workable. Prospecting permits are 


Se 

1/ Teck is the lessee of fee lands adjacent to those described in the 
it application from Vanderbilt, and Vanderbilt has granted Teck the 

"right to obtain an assignment of the prospecting permit upon issuance." 


126 IBLA 73 
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issued to encourage gemuine prospecting, and are not a proper vehicle for 
holding a known subeconomic deposit in anticipation of more favorable 
economic conditions. 


[2] When prospecting or exploratory work is umnecessary to deter- 
mine the existence or workability of a valuable deposit of a particular 
hardrock mineral, the land can only be leased through competitive sale. 
43 CFR 3564.1. BIM rejected Vanderbilt's application because the deposit 
was deemed to be "workable." In its decision the term ‘workable deposit" 
was defined in the following manner: 


A deposit is determined to be "workable" when the value of the 
commodity is greater than the cost of extracting. Workability is 
only concerned with the econamics of intrinsic factors involved 
in the development of the deposit and not extrinsic factors such 
as transportation, markets, etc., involved in the actual produc- 
tion and marketing of the commodity. See Elizabeth B. Archer et. 
al.[{,] 102 IBLA 308 (1988), United States Gypsum Co.[,] 121 IBIA 
174 (1991), and American Gilsonite Co.[,] lil IBLA 1 (1989). 





BIM's decision was based on a formal mineral report (BIM Report) pre- 
pared by Denny R. Seymour, a BIM mining engineer, and Diane Groody, a BIM 
geologist. The authors describe the applied-for land in the following 
manner: 


The subject lands are located in the northern portion of 
the Mt. St. Helens Mining District along the Green River and on 
the south slope of Goat Mountain one-half mile to the west of 

Lake and eleven and [one] half miles to the northeast of 
Mt. St. Helens. Three of the patents were issued prior to 1911 
and two patents were issued in 1982 to the Duval Corporation 
based on their discovery and exploration of the Margaret Deposit 
during the 1970's. The Margaret Deposit is a major porphyry Cop- 
per deposit suitable for mining as an open pit. Duval estimated 
the deposit to contain 577 million tons of 0.36% copper (Cu), 
0.011% molybdemm (Mo), 0.007 oz/ton gold (Au), and 0.046 oz/ton 
silver (Ag) at a 0.33% Cu equivalent cutoff. 


(BIM Report at 1). 


for a portion of the Margaret Deposit (Affidavit of Denny R. Seymour at 16). 
Duval's parent company, Pennzoil, elected to divest itself of hard mineral 
mining operations in 1984, and transferred Duval's patented and unpatented 
Claims in the Mt. St. Helens Mining District to the Trust for Public Land 
(Trust). The Trust abandoned the unpatented claims in 1985 and conveyed 
the patented claims to the Forest Service (BIM Report at 5). 
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Using data from Duval's mine patent application files, the 
author(s) created a computer model of the deposit's recovered 
copper equivalent grade. The equivalent recovered grade was 
based on the estimated long-term metal prices of $1.00/lb. Cu, 
§3.50/lb. Mo, $400.00/oz Au, and $6.00/oz Ag (Spring 1990) and 
metal recoveries of 90% (Cu), 80% (Mo and Ag), and 50% (Au). To 


for a 577 million ton reserve and a higher grade reserve contain- 
ing 244 million tons. From these five development scenario's 
[sic] econamic assessments were generated assuming various copper 


invested capital at Copper prices of about $1.25/lb. the pre- 
tax rates of return approach 15%. [sic] Duval's two development 
scenario's [sic] indicate that revenues exceed expected costs at 
current long term market prices of $1.10/1b. Cu, $3.15/lb. Mo, 
$393.00/oz Au, and $5.28/0z Ag (Fall 1991). 


‘BIM Report at 1). 





The examining team's conclusion, set out in the BIM Report, was: 


Based on the data available to the author(s) it is concluded 
that the lands applied for under ing permit application, 
OR 45170 (Wash), do not require prospecting and/or exploratory 
OR ot to determine the existence and workability of the hardroc® 





deposit and the similarity of its reserve estimates to several 
major operating open pit mines with a similar range of operat- 


Table #2). The “net dollars", shown in Table #2, is the sum of 
expected revenue less all project costs including pre-production, 
mine, mill, and smelter operating and initial capital costs. The 
test of workability is met for a given development scenario when 
a positive value occurs in the "Net" column of Table #2 fora 
copper price of $1.10/lb. or less. None of the scenarios devel- 
oped for this report denoted as BIMPPA (Bureau of Land Management 
Prospecting Permit Application) proved viable at price levels less 
than or equal to $1.30/lb.. However, the scenarios which were 
developed based on Duval's reserve estimates generate positive Net 
values at $1.10/lb. Cua for all projected mining rates except one. 
The return on capital (ROC) is the rate of return the scenario 
would generate on the initial capital investment with no taxes. 





126 IBLA 75 


IBIA 92-322 


It appears that price levels of at least $1.25/lb. to $1.30/1b. 
are needed to justify commercial operations at current state of 
knowledge (or at least 15% ROC). At long term metal prices each 
percentage unit of molybdemm is equivalent to 2.86 percentage 
units of copper or approximately 1 to 3 (xt Mo = 3x% Gu). Allof 
the mines in Table #1 have reserve grades comparable to Duval's 
reserve estimates. {Emphasis in original.] 


(BIM Report at 2). 


and Kirsten, Inc. (SRK). The SRK report was submitted in support of 
Vanderbilt's statement of reasons and its contention that existing data 
do not provide a reliable basis for classifying any mineral deposit in 
the applied-for area as workable. 


Vanderbilt has requested a hearing before an Administrative Law 
Judge to permit it to offer evidence and cross-examine BIM employees. 
BIM opposes this request, contending that its study was based on the 
came factual data as that used by Vanderbilt, reducing the dispute to 
a difference of opinion among experts. BIM refers to our holding in 
American Gilsonite Co., 111 IBIA 1, 96 1I.D. 408 (1989), that a mere dif- 
ference of opinion among experts will not suffice to reverse a reasoned 
opinion rendered by the Secretary's technical staff. 


Hearings are not a normal feature in the adjudication of cases such 
as this. E.g., United States Gypsum Co., 121 IBIA 174 (1991) ; American 
Gilsonite Co., 111 IBIA 1, 96 1.D. 408. (1989); A. J. Maurer, Jr., 106 IBLA 
308 (1989); Earth Sciences, Inc., 80 IBIA 28 (1984) ; Christi ian F. Murer, 
75 IBIA 232 (1983); John D. Archer, 75 IBLA 128 (1983); J. R. Simplot Co., 


58 IBIA 305 (1981); Christian F. Murer, 57 IBIA 333 (1981); Philip Shaiman, 
25 IBIA 271 (1976); William F. Martin, 24 IBIA 271. (1976) ; Powhattan Mining 
Co., 10 IBLA 308 (1973); William J. Colman, 9 IBIA 15 (1973); Lloyd K. 
Johnson, 8 IBLA 73 (1972); Clear Creek Inn Corp., 7 IBIA 200, 79 I.D. 571 


(1972); J. D. Archer, 4 TBIA 323 (1972); J.D. Archer, 1 IBIA 26, 77 I.D. 
124 (1970). The first hearing held in this type of case that we find was 
noted in James C. Goodwin, 9 IBIA 139, 143, SH6 TD. 7.20. (19's) = A hearing 
was ordered in Elizabeth B. Archer, 82 IBIA 14 (1984), and the result of 
that hearing was reviewed in Elizabeth B. Archer, 102 IBLA 308 (1988). 2/ 





ane oe EE SSL Se 
2/. When a mining claim is Challenged for lack of discovery of valuable 
mineral (General Mining Law, 30 U.S.C. § 22 (1988)), a contest hearing is 
held pursuant to 5 U.S.C. § 554 (1988). The mining claim constitutes a 
property interest which cannot be invalidated on the basis of a disputed 
issue of fact without notice and an opportunity for a hearing. United 
States v. O'Leary, 63 I.D. 341 (1956). A hearing is not usually required 
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(3] The Board has discretionary authority to order a hearing before 
an Administrative Law Judge pursuant to 43 CFR 4.415, but will normally 
order a hearing only when it finds a material issue of fact that can only 
be resolved through the introduction of testimony and other evidence not 
readily obtainable through the ordinary appeal procedure. See United 
States v. Consolidated Mines & Smelting Co., 455 F.2d 432, 453 (9th Cis: 
1971); Ben Cohen (Judicial Remand), 103 IBIA 316, 321, aff'd sub non., 
Sahni v. Watt, Civ. No. S-83-96-HIM (D. Nev. Jan. 17, 1990), aff'd (Jan. 14, 
1991); KermCo Drilling Co., 71 IBIA 53, 56 (1983). If no oral testimony is 
required and an appeal can be resolved relying on documentary submissions, 
a request for a hearing is properly denied. See R. A. Mikelson, 26 IBIA 1 
(1976). In Ben Cohen, supra, we stated: "[(T]o determine whether a material 
issue of fact exists, the Board first examines the legal principles which 
govern its consideration of an appeal on the basis of facts which are not 








Vanderbilt and BIM present their arguments as if prospecting permit 
denial mist be based on a finding that a "reserve" exists on the land sub- 
ject to the permit application. Concluding that the deposit is workable, 
BIM's Report states: 


including pre-production, mine, mill, and smelter operating and 
initial capital costs. The test of workability is met for a 
given development scenario when a positive value occurs in the 
"Net" column of Table #2 for a copper price of $1.10/lb. or less. 


(BLM Report at 2). 


Appellant also equates the workability test to a definition of a 
"yeserve,"' as that term is defined by the Society for Mining, Metallurgy, 
and Exploration, Inc. (SME or Society) in A Guide for Reporting Exploration 
Information, Resources and Reserves, 43 Mining Engineering 379-84 (April 


1991) (Exhibit C to the SRK report) (SRK Report at 21). It also bases its 
detailed objections to the sufficiency of BIM's data and analysis on these 


for a "workability" determination, even though it involves similar issues, 
because a prospecting permit applicant gains no property right when filing 
an application, and there is no basis for asserting a due process require- 
ment for a hearing and an opportunity to cross-examine. Christian F. Murer, 








Martin, 24 IBIA 271 (1976). 
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oo criteria, and consideration of appellant's arguments is facilitated by a 


brief discussion of mineral classification. 


There is no firmly established or codified set of definitions of terms 
(standards) applied by the industry when Classifying a mineral deposit. The 
term "reserves'"' is found to have differing meanings in different contexts. 


in inappropriate contexts. This often results in confusion regarding what 
was intended when the viability of a mineral property is discussed. 


We find no decision setting out the relationship between statutory 
and regulatory standards such as "workability" and the concept of a 
"reserve" with the degree of precision Vanderbilt would apply. The SME 
committee report reflects an ongoing professional effort to develop more 
accurate and acceptable definitions. Before attempting to determine whether 
"reserve" and a "workable deposit" can be considered synonymous, we mst 
define the term "reserve." 


The Department has used similar definitions found in Principles of the 
Mineral Resources Classification System, Geological Survey Bulletin 1450-A 
(Bulletin) when classifying mineral deposits under other statutes. 3/ See, 
e.g., United States v. Feezor, 74 IBIA 56, 83-85, 90 I.D. 262, 277-78 (dis- 
cussing relationship of reserve classification to issue of whether there 
was a discovery of a valuable mineral deposit under the mining laws). The 
Geological Survey (Survey) definitions define a "resource" as "a concen 
tration of naturally occurring solid, liquid, or gaseous materials in or 
on the earth's crust in such form that econamic extraction of a commodity 


categories are given: 


Identified resources.—Specific bodies of mineral-beari 
material whose location, quality, and quantity are known fram 
geologic evidence supported by engineering measurements with 
respect to the demonstrated category. 


Undiscovered resources.—Unspecified bodies of mineral- 
bearing material surmised to exist on the basis of broad geo- 
logic knowledge and theory. [Bold in original. ] 


Id. at A3. 4/ The Survey description of a resource gives no suggestion that 
any given deposit will have economic value. The concept of econamic value 
becomes applicable when the term "reserve" is employed. A "reserve" is 
"rt}hat portion of the identified resource from which a usable mineral and 
energy commodity can be economically and legally extracted at the time of 
determination." 5/ Vanderbilt contends that the value of the known copper 


ea ee SS 
3/ The Survey definitions were used extensively prior to 1991, when the 
more precise SME definitions were published. 

4/ Undiscovered resources are further divided into hypothetical resources 
and speculative resources. ‘Bulletin at A4. 

5/ Survey lists the following categories of jdentified resources that do 
not qualify as "reserves": 
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sposit is too low to permit econamic extraction, the deposit cannot be 
called a reserve, amd it is therefore not workable. 


Using the approach adopted by both Survey and SME, deposits are classi- 
fied on the basis of an increasing degree of geologic assurance and on the 
basis of an increasing degree of certainty regarding economic feasibility. 
Survey developed the following definitions, applicable to both identified- 
subeconamic resources and reserves: 


‘Measured. —Reserves or resources for which tonnage is 
from dimensions revealed in outcrops, trenches, work- 
ings, and drill holes and for which the grade is computed from 
the results of detailed sampling. ‘The sites for inspection, 
sampling, and measurement are spaced so closely and the geologic 


are well established. The computed tonnage and grade are judged 
to be accurate within limits which are stated, and no such limit 
is judged to be different from the computed tonnage or grade hy 
more than 20 percent. 


computed y 
or production data and partly from projection for a reasonable 
distance on geologic evidence. ‘The sites available for inspec- 


inappropriately spaced to permit the mineral bodies to be cut- 
lined completely or the grade established throughout. 


Demonstrated.-—A collective term for the sum of measured and 
indicated reserves or resources. : 


Inferred. —Reserves or resources for which quantitative 
estimates are based largely on broad knowledge of the geologic 
character of the deposit and for which there are few, if any, 
samples or measurements. The estimates are based on an 
contimuity or repetition, of which there is geologic evidence; 
this evidence may include comparison with deposits of similar 
type. Bodies that are completely concealed may be included if 
there is specific geologic evidence of their presence. Estimates 


a 
fn. 5 (continued) 
"Tdentifi ic. —Resources that are not Reserves, but my 

pecume so as a result of changes in ecomamic and legal conditions. 
"Paramarginal.—The portion of Subeconamic Resources that (1) borders 
6n being economically producible or (2) is not commercially available 
solely because of legal or political circumstances. 
"Submarginal.—The portion of Subeconamic Resources which would require 
a substantially higher price (more than 1.5 times the price at the time of 
determination) or a major cost-reducing advance in technology." 
Id. at 4 (bold in original). — 
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of inferred reserves or resources should include a statement of 
the specific limits within which the inferred material may lie. 
(Bold in original. ] 


Bulletin at A3-A4. 


It is not surprising that the SME terminology is similar to that 
previously developed by Survey. A major difference results from SME's: 
having adopted "a sequential relationship between exploration information, 
resources amd reserves." 43 Mining Engineering 379 (April 1991). Thus, 
SME begins its classification by examining the available physical infor- 
mation about a mineral deposit. The Society describes exploration infor- 
mation as: " [A]ctivities designed to locate economic deposits and to 
establish the size, composition, shape and grade of these deposits. 
Exploration methods include geological, geochemical, and geophysical 
surveys, drill holes, trial pits and surface and underground openings." 
Id. at 379-80. SME then offers the following definition of "resource:" 


A concentration of naturally occurring solid, liquid or gaseous 
material in or on the Earth's crust in such form and amount that 


rently or potentially feasible. Location, grade, quality, and 
quantity are known or estimated from specific geological evidence. 
To reflect varying degrees of geological certainty, resources can 
be subdivided into measured, indicated, and inferred. 


Id. The first sentence of the SME definition is the same as that devel- 
oped by Survey. Survey included undiscovered "resources." SME excludes 
"undiscovered resources" in the last two sentences of its definition, char- 
acterizing that classification as "used by public planning agencies [but] 
not appropriate for use in commercial ventures." Id. at 379. Thus, the 
SME term "resource" is analogous to the Survey term "identified resource." 


Survey and Society both divide resources into three classes: measured, 
indicated, and inferred. The SME defines these terms as: 


Measured. Quantity is computed from dimensions revealed 
in outcrops, trenches, workings or drill holes; grade and (or) 
quality are computed from the result of detailed sampling. The 
sites for inspection, sampling and measurement are spaced so 
closely and the geological character is so well defined that 
size, shape, depth and mineral content of the resource are well 
established. 


Indicated. Quantity and grade and (or) quality are computed 
from information similar to that used for measured resources, but 
the sites for inspection, sampling, and measurements are farther 
apart or are otherwise less adequately spaced. The degree of 
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assurance, although lower than that for measured resources, is 
high enough to assume geological contimity between points of 
observation. 





Inferred. Estimates are based on geological evidence and 
assumed continuity in which there is less confidence than for 
measured and (or) indicated resources. Inferred resources may 
or may not be supported by samples or measurements but the infer- 


Id. The SME definition of "measured" closely follows that of Survey, but 
Survey adds: "(T]he computed tonnage and grade are judged to be accurate 
within limits which are stated, and no such limit is judged to be different 
from the computed tonnage or grade by more than 20 percent." 


The definitions of the term "indicated" differ in one respect worth 
noting. The Survey definition would allow a resource to be categorized 
as indicated when "the sites available for inspection, measurement, and 
sampling are too widely or otherwise inappropriately spaced to permit the 
mineral bodies to be outlined completely or the grade established through- 
out." SME allows that the points for inspection, sampling, and measure- 
ments are less adequately spaced than is required for a measured resource, 
but states that: "(T]he degree of assurance although lower than that for 
measured resources, is high enough to assume geological continuity between 
points of observation." 





SME's definition of "inferred" is similar to, but may be considered 
more restrictive than Survey's. SME omits, for example, the following 
sentence that appears in Survey's definition: "’Bjodies that are com 
pletely concealed may be included if there is specific geologic evidence 
of their presence." However, the language in the Survey's definition 
requiring "specific geologic evidence” of completely concealed bodies 
renders that definition very. close to the SME definition. 


SME's definition of "reserve" is more detailed than Survey's: 


ably assumed on the basis of tests and measurements. The term 
reserves need not signify that extraction facilities are in place 
and operative. 


The term economics implies that profitable extraction or 


production under defined investment assumptions has been estab- 
lished or analytically demonstrated. The assumptions made must 
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be reasonable including assumptions concerning the prices and 
costs that will prevail during the life of the project. 


The term legally does not imply that all permits needed 
for mining and processing have been obtained or that other legal 
issues have been completely resolved. However, for a reserve 
to exist, there should not be any significant uncertainty con- 
cerning issuance of these permits or resolution of legal issues. 
(Emphasis in original. ] 


Id. at 380. The two most significant differences between the SME and 
Survey definitions are: (1) SME limits the use of the terms "measured," 
"indicated," and "inferred" to resource determinations by eliminating the 
phrase "or reserve," making those terms applicable only to discussions of 
geologic assurance, and not applicable to economic viability; and (2) SME 
bases its categorization of "reserves" upon the category of the resource 
being considered during the course of economic viability examination. The 
second difference is apparent from the SME reserve classification: 


Proven reserve. That part of a measured resource that 
satisfies the conditions to be classified as a reserve. 


Probable reserve. That part of an indicated resource that 
satisfies the conditions to be classified as a reserve. 


It should be stated whether the reserve estimate is of in 
place material or of recoverable material. Any in-place estimate 
should be qualified to show the anticipated losses resulting from 
mining methods and beneficiation or preparation. [Bold in 
original. ] 


Id. at 380. Under the Survey's definitions a mineral resource could be 
Classified as an "inferred reserve." SME intentionally omitted the term 
"reserve" from its definitions of "measured," "indicated" and "inferred," 
and thus the "the terms ~ "measured reserve,' "indicated reserve" "inferred 
reserve" and "possible reserve" are not part of its classification scheme. 
The basis for this conclusion was that the use of these terms does not 
convey sufficient economic assurance to be reported as a reserve. See nd 
at 379. 


Various statutes mandate the Department's classification of mineral 
deposits found in public lands and impose consideration of the econamic 
value of a mineral resource. A mining claim mst contain "a valuable 
mineral deposit" under 30 U.S.C. § 22 (1988), and the claimant desiring 
to exercise a property right must show evidence of mineral of such a 
character that a person of ordinary prudence would be justified in the 
further expenditure of his labor and means, with a reasonable prospect 
of success, in developing a valuable mine. Castle v. Womble, 19 L.D. 

455 (1894), approved in Chrisman v. Miller, 197 U.S. 313, 322 (1905). 
Under United States v. Coleman, 390 U.S. 599 (1968), the prudent man test 
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acludes evidence that the mineral in question can be presently extracted, 
removed, and marketed at a profit. 





The term "reserve" is most often employed in mining claim contests. 
In United States v. Feezor, supra, the Board examined how that term related 
to the requirement for a discovery, and the extent geologic inference could 
be used when determining whether a mineral resource constituted a discovery 
supporting the validity of a mining claim. The definitions and classifica- 
tion described by Survey were used. 


In United States v. Hooker, (48 IBIA 22 (1980)], the Board 
directly held that "indicated" reserves could be used to estab- 
lish quantity and quality. Id. at 35-36; accord, United States 
v. Larsen, (9 IBIA 247, 261-63 (1973), aff'd, Larsen v. Morton, 
Civ. No. 73-19-IVC-JAW (D. Ariz. Oct. 24, 1974)]. The Board 
noted, however, that the question of whether "inferred" reserves 
could be utilized had yet to be determined. But see United States 
v. Wells, 11 IBIA 253, 258 (1973). 











As noted above, demonstrated reserves (i.e., measured and 
indicated) can clearly be used to show the quantity necessary to 
establish a discovery. We do not however, believe that any such 
broad ruling can be made insofar as inferred reserves are con- 
cerned. To the extent that such an estimate is based on assumed 
continuity or repetition for which there is geologic evidence, we 
feel such a reserve base can properly be considered. Where, how- 
ever, a body is completely concealed, so that its actual existence 
mist be predicated on geologic inference, use of geologic infer- 
ence would, in effect, substitute for the exposure of the mineral. 
Such an exposure, however, is a necessary precondition to a dis- 
covery. Therefore, an "inferred" reserve whose existence is 
dependent solely on geologic inference cannot serve as a predi- 
cate for finding quantity and quality sufficient to support a 
discovery. [Emphasis in original.] 





United States v. Feezor, supra at 84-85, 90 I1.D. at 278. Although SME con- 
Siders an "inferred reserve" lacking "the requisite degree of assurance 

to be reported as a reserve," Feezor recognized that there may be circum- 
stances in which an "inferred reserve" could be considered in support of a 
discovery finding. : 


"Tocatable" minerals, such as copper, gold, and silver, are generally 
subject to appropriation under the general mining laws if found on public 
lands. 30 U.S.C. § 22 (1988). When these minerals are found on acquired 
lands, such as those involved in this case, they are not locatable, and the 
right to extract these minerals must be gained pursuant to the provisions of 
43 CFR Subpart 3560. See 43 CFR 3560.3-1. A prospecting permit enabling 
the permittee to explore for hardrock minerals may be issued when prospect- 
ing or exploration is necessary to determine the existence or workability 
of a particular hardrock mineral deposit. 43 CFR 3560.1(a)). Permits are 
issued for an initial term of 2 years, and may be extended for a period not 
to exceed 4 years. See 43 CFR 3562.8-1; 3562.9. A permittee who discovers 
a valuable deposit may apply for a preference right lease. See 43 CFR 
3563.2-1, 3563.1-2(b). 
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several advantages gained by obtaining a prospecting permit. The rental 


discovered, and a prospecting permit allows mineral exploration for up to 
6 years without the production and royalty requirements. In Yankee Guich 
Joint Venture, 113 IBIA 106, 130-31 (1990) we held that the test used when 


Although the "discovery" test may appear similar to the "workability" 
test, they are not the same. 6/ Under both tests there must be mineral of 


sufficient value to recover direct costs. Both recognize a distinction 
between "exploration" and "development." However, there are two signif- 


covery. Second, a mre liberal reliance on geologic inference is allowed 
when applying the "workability" test. 7/ 


In Atlas Corp., 74 I.D. 76, 79 (1967), the Department considered the 
relationship of these requirements in an appeal from a denial of a phos: 
phate prospecting permit application. Atlas contended that the workabil- 
ity determination should be based upon "actual knowledge," i.e-, geologic 
information gained by physical examination of the deposit within the applied 
for tracts by drilling or similar on the ground exploration methods, rather 
than through geologic inference. The decision traced the concept of work- 
ability for coal prospecting permits, and, citing Emmett K. Olson, 48 L.D. 
29 (1921), concluded: 


by Congress, 15S 
competent evidence to establish the fact that land contains 
valuable deposits of certain minerals, that it is known to be 
valuable for minerals, that it contains commercially valuable 
deposits of minerals, or that exploration is not necessary to 


a 
6/ If the meanings were identical, one seeking to develop a deposit could 
obtain a prospecting permit when exploratory work would not disclose the 


existence or workability of a valuable deposit by presenting evidence that 


a known deposit was submarginal and thus would not support a "discovery." 

7/ For example, a workability" finding for some bedded minerals has been 
based solely on geologic inference drawn from exposures on adjacent lands. 
Christian F. Murer, 75 IBIA 232 (1983); Atlas Corp., 74 I.D. 76 (1967). 
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conditions. On the other hand, it is not necessary, 
as Atlas insists, to demonstrate the workability of the mineral 
deposit from an actual physical examination of the deposit in 
the land applied for by.means of drilling or actual exploratory 
work on the ground. 


Atlas Corp., supra at 84-85. 


It was also noted, however, that "the character of phosphate deposits, 
which occur with great uniformity of thickness and consistency of quality 
wide areas, is most similar to coal deposits." Id. at 82 n.3. 


demonstrated, that inference may be used. Because greater latitude in the 
use of geologic inference is permitted when making the workability test, it 
follows that evidence justifying a discovery will justify a determination 


te economic camponent of the workability test is also different. In 
James C. Goodwin, 9 IBIA 139, 156-57, 80 I.D. 7, 15-16 (1973), we considered 
economic factors applicable to workability: 


Workability as defined by the USGS is concerned with the 
economics of the intrinsic factors. insic factors such as 
transportation, markets, etc., are not considered. However, the 


coal is workable in terms of the intrinsic factors. In this 
the test of workability under the Mineral Leasing Act 


A further differentiation from the "prudent man" 
of "a reasonable prospect of success" was made in Atlas Corpora= 
tion, 74 I.D. 76, 84 (1967). 


* * * [I]t is not necessary , in order to sustain 


a finding that such deposits do exist in workable 
quantity, that a det ‘nation can be made with some 


degree of assurance that a mining operation will be 
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would not require prospecting for the purpose of deter- 
mining the presence of workability of the deposit. 
(Emphasis supplied. ] 


Id. at 156-57, 80 I.D. at 15-16 (emphasis supplied in Atlas COLD i. 

A mining claimant mist show that, as a present fact, its deposit can 
be extracted, removed, and marketed at a profit. In Re Pacific Coast 
Molybdenum, Co., 75 IBIA 16, 29, 90 I.D. 352, 360 (1983); see United 
States v. Coleman, 390 U.S. 599, 600, 602 (1968). 

Thus a showing that further information would render the workability 
determination more accurate is not sufficient to mandate that a decision 
denying a prospecting permit be vacated or reversed. The concept of work- 
ability is used to distinguish between the body of evidence which indicates 
that a valuable mineral deposit might be disclosed by further exploration 
and sufficient evidence of the existence of a mineral deposit to justify 
competitive bidding for the right to acquire a mineral lease. The pros- 
pecting permit is a grant of a right to explore for an undisclosed or insuf- 
ficiently disclosed deposit of mineral with the exclusive right to a lease 
if the exploration is successful. To hold otherwise would foster the use 
of prospecting permits as a device for holding known but submarginal mineral 
deposits in anticipation of improved economic conditions. 8/ 


[4] By asserting that the data used by BIM was insufficient to support 
its finding that the deposit was workable, appellants have raised an issue 
of fact, but not necessarily a relevant ane. Although the statement of the 
test for "workability" in BIM's decision might be satisfied only by a proven 
or probable reserve, using the SME definitions, or a measured or indicated 
reserve using the Survey's definitions, our analysis of decisions addressing 
the meaning of "workability" confirms the propriety of using inferred and 
subeconamic mineral resources as a basis for finding a deposit "workable," 
however those resources might be defined. Thus a deposit not qualifying as 
a "reserve" can, none the less, be classified as 'workable."' However, it 
remains proper to consider Vanderbilt's arguments to determine whether BIM's 
rejection of the prospecting permit application is supported by the facts. 


Vanderbilt emmerates eight criticisms of BIM's report: 


1. The BIM report considered the data from 70 exploration 
drill holes which were drilled on both the northern and southern 
portions of the property. The exploration drilling conducted to 
date and the information available from that arilling is simply 
inadequate to identify the presence of a workable deposit under 
the lands subject to the Permit Application. 


8/ It is conceivable that the Department may prematurely deem a deposit 
worthy of competitive leasing. In such cases it can be expected that either 
no bids will be submitted or that a lease will be issued and subsequently 
allowed to terminate. In either event, the land will subsequently be avail- 
able and the need for further exploration can be reevaluated. Present pub- 
lic policy favors competitive bidding over prospecting permit issuance when 
a deposit is known to exist. 
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2. Although the BIM report includes a geologic review, 
no geologic or statistical boundaries were placed on the grade 
estimations made by BIM. The failure to define the boundaries to 
the grade estimations allows higher grade samples to erroneously 
influence grade estimation in blocks beyond the reasonable geo- 
logic or statistical boundaries. 





3. In determining the workability of the lands subject to 
the Prospecting Permit, RIM used a method of determining } 


erroneously incorporates the assumption of a correlation of 
the grades of molybdemm and gold to the grade of Copper. The 
statistical analysis of the drill hole data performed by SRK 
clearly shows that there is no correlation between the grades 


3.2. The method employed by BIM to determine copper equivalent 
values estimates block equivalent values which have little or no 
relationship to the actual grades of molybdenum and gold within 
the blocks. The copper equivalent values can be properly esti- 
mated by determining the block grades for each element. The 
block grades for each mineral must then be combined to calculate 


4. The inverse distance (squared) method used by BIM was 
inadequately applied. The BIM method did not properly incorpor- 
ate a statistical analysis of the dataset as a whole with data 
sub-setted by rock types to determine the relationship of min- 
eral grade distribution and geology, did not properly consider 
geology in the determination of samples upon which the to {sic} 
based estimated mineral grades for each rock type so as to pre- 





to determine three-dimensionally the various grades for each of 
copper, gold and molybdemm, and did not apply three-—dimensional 
grade distribution models to the estimation through the use of 
defined anisotropy. 


5. The BIM's reliance upon 250 meters for the range 
of estimation influence is excessive. The SRK geostatisti- 
cal analysis indicates that this range is excessive by 37%. 


6. The inverse distance (squared) method utilized by BIM 
does not adequately calculate the errors inherent in the esti- 
mation. Accordingly, the inverse distance (squared) method 
cannot be used to determine the confidence which can be placed 
upon the grade estimate for each block. In contrast, Kriging 
techniques calculate the actual estimation errors for each block 
while minimizing such errors. 


7. The BIM model utilized only composites from the bench 
for which the estimate was made and from the benches immediately 
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©) above and below the studied bench resulting in a pancake-shaped 
pseudo-anisotropy 500 meters in diameter and 50 meters in thick- 
ness. There is no data or analysis in the BIM report to support 

this. 


8. The BIM report does not include a pit optimization 
analysis which is essential to the determination of actual costs 
of mining. 


As noted previously, SRK was retained to review existing drill hole 
data and evaluate the property's mineral potential. In SRK'S report, which 
was used as the basis for the eight objections, it summarized its findings: 


The review included geologic modeling, statistical and 
geostatistical analysis, economic modeling and pit optimization. 
The property was shown to have two distinct geochemical popu- 
lations. One population had Gu grades ranging from O215° to" 0.752 
and the other had Cu grades greater than 0.75% Cu. The lack of 
geochemical data for block model grade estimation limited SRK‘s 
ability to develop a model which focused on the southern portion 
of the property where drilling was more closely spaced. Even this 
area of the property showed very high (30-80%) relative errors in 
the estimated block grade values, reflecting the quantitative 
deficiency of the data available. 


9) The resources totaled 180.68 million tons at average grades 

of 0.324% Cu, 0.0125% Mo and 0.006 o2Z/ton Au. Seventy 

of this resource is classified as inferred and the remaining is 
classified as indicated (SME, 1991 - Appendix C). Application of 
economic costs and values to the resource indicated the optimm 
pit would contain 77 million tons of ore with a NPV of -191 
million dollars. ‘These results show the existing data do not 
indicate the existence of a workable resource on the property. 


A review of a 1991 BIM study on the property indicated sim- 
ilar conclusions were reached by the BIM despite some flaws in 
the modeling techniques used. Applying the most optimistic costs 
used on the property to date (Duval, 1980) to our grade model, 
the property was still shown to be unworkable with an adjusted 
cash flow of -181 million dollars. 


Further exploration work is essential to discover heretofore 
unidentified resources before any prospect of a workable property 
is possible. Exploration work should include mapping, sampling 
and drilling. Until such time as further resources are discov- 
ered, it would be inappropriate to perform any further resource 
evaluation or prefeasibility studies. 


omguly 137251992; Vanderbilt and Teck filed another request for a 

hearing. By order dated July 16, 1992, we directed them to show cause 

| @ why their request should not be denied by identifying the question or 
| a 
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uestions of fact to be specified in any order sending the case for 
nearing. They replied, setting forth the following issues: 


1. The sufficiency of the geologic data on which BIM based 
its report. 


>. The necessity of applying geologic or statistical boun- 
daries for the mineral deposit and its grade. 


4. The propriety and accuracy of the statistical methods 
used by BIM in its calculations. 


5. The failure of BIM to include a pit optimization 
analysis in its determination of the actual cost of mining. 


In its answer, BIM states that a ' analysis "presents a 
unnecessarily narrow tion of the known information concerning 
the available resource," and that it is to show that "limited 


unworkable deposit" (BIM Answer at 4-5). Denny Seymour, BIM's mining 
angineer, reviewed the SRK report and the additional materi provided 
anderbilt. Seymour summarizes his analysis and conclusions in an 


studied the plots of the vanderbilt mineralized block model 
and concluded that Vanderbilt used less than 52 of the available 
samples with significant mineralization when estimating the available 
resource. Seymour also disagreed with Vanderbilt's use of a $1 per pound 


market fluctuation. In Re Pacific Coast Molybdenum, Co., 75 IBIA at 28-29, 
90 I.D. at 359-60. For example, in United States v. Crowley, 124 IBLA 374 
(1992), we accepted the use of 5-year average prices for convenience. BIM 
admits that no profit can be shown using $1.10 per pound. However, this 
fact does not, per se, justify the issuance of a prospecting permit for 
further exploration of the deposit. The basis for BIM's holding that no 
further prospecting is needed is its determination that the workability 

of the deposit is controlled by market price, 2 factor which will not be 
altered by further prospecting. 


aE 


9/ she last 5 years the value Of copper has been as high as $2.90 PSt 
pound, but its 5-year average is at $1.10 per pound. 
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Seymour presented four case studies based on SRK's analysis to 
demonstrate how close SRK's analysis is to showing the existence of a 
reserve 10/ (Affidavit at 13-14). The first study shows the deposit to 
be unworkable using SRK's assumptions, with a negative net value of over 
$40 million. In the second study Seymour revised capital costs fora 
40,000 ton per day operation, using a 50,000 ton per day operation. Under 
this scenario, revemmes would exceed costs by $15.1 million. In the third 
scenario he retained values used in the secomd scenario and revised the. 
price of copper to $1.10 per pound. This increased projected net revenues 
to $126.3 million. Seymour's final study retained the values used in case 
three and updated unit mining and milling operating costs for a 40,000 ton 
per day operation. This resulted in reduced mining cost, increased milling 
cost, and net revemes of $50.8 million. 


As we stated earlier, a prospecting permit may be issued when further 
exploration is needed to disclose a workable deposit. However, when a 
deposit is not workable, as appellant contends, that fact may be attri- 
buted to economic conditions rather than a insufficient knowledge regard- 
ing the anticipated size and/or grade of a mineral deposit. Vanderbilt's 
own analysis suggests that prospecting would not provide significant addi- 
tional information which would significantly alter either the size or grade 
of the deposit. Thus, Vanderbilt has raised an issue of fact as to whether 
a reserve exists, but its submissions cannot be taken as an offer of proof 
that the deposit could be rendered workable by further prospecting. 


BIM's answer also addressed the eight contentions Vanderbilt raised in 
its SOR. In response to Vanderbilt's first two contentions (the adequacy 
of the drill hole information BIM relied upon and BIM failure to define the 
geologic or statistical boundaries for its grade estimates) BIM explains 
that two estimates were made. Its second was based on a maximm horizontal 
drill hole sample value projection of 125 meters (not 250 meters). BIM 
also states that it found a good correlation between its geologic interpre- 
tation of the mineralized zones and Duval's. BIM states that porphyry 
copper deposits are relatively continuous, with a 300- to 600-foot zone 
of influence not being unusual, and that its use of a 125 meter zone of 
influence was reasonable. 


Vanderbilt's third objection was to BIM's use of "copper equivalent 
values," which added the value of other recoverable metals. It contends 
that this method erroneously incorporates an assumed correlation between 
the contained molybdemm and gold and contained copper. BIM responds that 
it did not make a correlation assumption, but used the metal content 
reported by Duval, and that when an assay report did not list a specific 
metal (more likely a failure to assay for that metal than its absence) no 
additional value was attributed for that metal. According to BIM, this 
approach will usually cause the metal content to be underestimated. 


10/ None of Seymour's case studies takes into account BIM's conclusion that 
there is substantially more recoverable mineral material than was projected 
by Vanderbilt or SRK's not having considered recovery of silver values. 
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Vanderbilt's fourth objection relates to its contention that BIM did 
not consider rock type distribution when making its analysis. BIM 
that during its examination it used the geologic information available to 
it at the time of the examination. 


The fifth objection was to BIM's use of a 250 meter radius for its 
zone of influence. However, this radius was used for the first BIM esti- 
mate, made in 1990, not the second, which used a 125-meter radius. In 


shaped pseudo~anisotropy of 500 meters in diameter and 50 meters in thick- 
ness," BIM states that this criticism was directed at its 1990 resource 
estimate, not the 1991 estimate which employed a 125 meter search radius 
and a 250 meter pseudo-anisotropy diameter. 


net properly apply the "inverse distance (squared) me " when making 
its analysis because it failed to adequately calculate the errors inher- 
ent in its estimation. It contends that Kriging techniques should have 


involve many more hours of computer computation time, and argues that, 
although Kriging may be superior when developing a specific mine plan, the 
same degree of specificity is not required for a workability determination. 


In response to Vanderbilt's eighth objection (that BIM failed to 
include a pit optimization analysis) BIM admits that a pit optimization 
analysis would be helpful, but states that it is not necessary to make 
this analysis when determining workability. BIM states: "Again it appears 
that the appellant is attempting to require the BIM to complete the type 
of detailed and expensive analysis that a mining company might undertake 
to determine exactly how it would go about developing a mineral resource" 
(BLM Answer at 14). 


When considering what evidentiary burden should be placed upon BIM 
in a case such as this, it is proper to weigh that burden against the 
nature of the appellant's interest, and the risk that an appellant 
would be improperly deprived of that interest if the greater burden 
were not placed on BIM. 1)/ BIM is not required to sustain its 


einai Ca aR 8 cl iB I La 8 wiht lens Ur +k se 
1l1/ See footnote 2, Supra. When procedural due process 1S ,a 
balancing of interest test is used for determining the "specific dictates" 
of due process: First the private interest that will be affected by the 
official action; second, the risk of an erroneous deprivation of such 
interest through the procedures used, and the probable value, if any, of 
additional or substitute procedural safeguards; and finally, the Govern- 
ment's interest, including the function involved and the fiscal and admin- 
istrative burdens that the additional or substitute procedural requirement 
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"workability" determinations with the same quantum of evidence needed 

to sustain a finding that there is a "discovery." For example, physical 
examination of the land is unnecessary when considering an application, 

if the land has been classified. Christian F. Murer, 57 IBIA 333 (1981); 
William J. Coleman, 9 IBIA 15 (1973); J._D. Archer, 1 IBIA 26, 77 1.D. 24 
(1970). When reviewing the exercise of discretionary authority to issue 
or deny a prospecting permit, a primary consideration is the undisputable 
fact that a prospecting permit applicant holds an expectancy and not an. 
interest in the land. Thus, this balance weighs heavily against finding 
error because BIM failed to conduct Kriging and pit optimization analyses. 
There is no showing that BIM could not properly reach its conclusion with- 
out making those analyses. 


Earlier in this decision, we noted that a hearing would be appropriate 
if there is a material issue of fact requiring introduction of testimony 
and other evidence. Each of the issues identified by appellant in response 
to our July 16, 1992, order is predicated on an incorrect understanding of 
the legal basis for a decision to reject a prospecting permit application. 


decision is supported by the record. 


Therefore, pursuant to the authority delegated to the Board of Land 
Appeals by the Secretary of the Interior, 43 CFR 4.1, the appellant's 
request for a hearing is denied and the decision appealed from is affirmed 
as modified. 





John Kelly 
j tiye Judge 


fn. 11 (continued) 

would entail. Mathews v. Eldridge, 424 U.S. 319, 335 (1976). Although 
Vanderbilt would like to cross-examine BIM employees making the recommenda- 
tion in this case, a proper application of this balancing test makes cross- 
examination unnecessary. BIM will satisfy its obligation if it issues a 
reasoned opinion which is supported by the record. 
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USGS Circular 831 


Principles of a Resource/Reserve Classification 
for Minerals 


By the U.S. BUREAU OF MINES and the U.S. GEOLOGICAL SURVEY 


INTRODUCTION 


Through the years, geologists, mining engineers, 
and others operating in the minerals field have 
used various terms to describe and classify mineral 
resources, which as defined herein include energy 
materials. Some of these terms have gained wide 
use and acceptance, although they are not always 


used with precisely the same meaning. 


Staff members of the U.S. Bureau of Mines and 


‘the U.S. Geological Survey collect information 


about the quantity and quality of all mineral 
resources, but from different perspectives and with 
different purposes. In 1976, a team of staff 
members from both agencies developed a common 
which was 
published as U.S. Geological Survey Bulletin 
1450-A-“Principles of the Mineral Resource 
Classification System of the U.S. Bureau of Mines 
and U.S. Geological Survey.” Experience with this 
resource classification system showed that some 
changes were necessary in order to make it more 
workable in practice and more useful in long-term 
planning. Therefore, representatives of the U.S. 
Geological Survey and the U.S. Bureau of Mines 
collaborated to revise Bulletin 1450-A. 

Long-term public and commercial planning must 
be based on the probability of discovering new 
deposits, on developing economic extraction proc- 
esses for currently unworkable deposits, and on 
knowing which resources are immediately 
available. Thus, resources must be continuously 
reassessed in the light of new geologic knowledge, 
of progress in science and technology, and of shifts 
in economic and political conditions. To best serve 
these planning needs, known resources should be 
classified from two standpoints: (1) purely geologic 
or physical/chemical characteristics—such as 
grade, quality, tonnage, thickness, and depth—of 


the material in place: and (2) profitability analyses 
based on costs of extracting and marketing the 
material in a given economy at a given time. The 
former constitutes important objective scientific 
information of the resource and a relatively un- 
changing foundation upon which the latter more 
variable economic delineation can be based. 

The revised classification system, designed 
generally for all mineral materials, is shown 
graphically in figures 1 and 2 (see page 5); its com- 
ponents and their usage are described in the text. 
The classification of mineral and energy resources 
is necessarily arbitrary, because definitional 
criteria do not always coincide with natural boun- ° 
daries. The system can be used to report the status 
of mineral and energy-fuel resources for the Na- 
tion or for specific areas. 


RESOURCE/RESERVE DEFINITIONS 


A dictionary definition of resource, “something 
in reserve or ready if needed,” has been adapted 
for mineral and energy resources to compnise all 
materials, including those only surmised to exist, 
that have present or anticipated future value. 


Resource.—A concentration of naturally occurnng 
solid, liquid, or gaseous material in or on the 
Earth’s crust in such form and amount that 
economic extraction of a commodity from the 
concentration is currently or potentuall. 
feasible. 

Original Resource.—The amount of a resource 
before production. 

Identified Resources.— Resources whose location. 
grade, quality, and quantity are known or 
estimated from specific geologic evidence. 
Identified resources include economic, 
marginally economic, and subeconomic com- 
ponents. To reflect varying degrees of geologic 
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certainty, these economic divisions can be sub- 
divided into measured, indicated, and 


~~ | (Reserve Base— Continued) _ 
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resources that are currently economic 
(reserves), marginally economic (marginal 


inferred. reserves), and some of those that are currently 
Demonstrated.—A term for the sum of meas- subeconomic (subeconomic resources). The 
ured plus indicated. term “geologic reserve” has been applied by 


Measured.—Quantity is computed from 
dimensions revealed in outcrops, 
trenches, workings, or drill holes; 

_ grade and(or) quality are computed 
from the results of detailed sampling. 
The sites for inspection, sampling, and 
measurement are spaced so closely and 
the geologic character is so well de- 
fined that size, shape, depth, and 
mineral content of the resource are 
well established. 

Indicated.—Quantity and grade and(or) 
quality are computed from information 
similar to that used for measured 
resources, but the sites for inspection, 
sampling, and measurement are far- 
ther apart or are otherwise less ade- 
quately spaced. The degree of assur- 
ance, although lower than that for 
measured resources, is high enough to 
assume continuity between points of 
observation. 

Inferred.—Estimates are based on an as- 
sumed continuity beyond measured and(or) 
indicated resources, for which there is 
geologic evidence. Inferred resources may 
or may not be supported by samples or 
measurements. 


Reserve Base.—That part of an identified resource 


that meets specified minimum physical and 
chemical criteria related to current mining and 
production practices, including those for 
grade, quality, thickness, and depth. The 
reserve base is the in-place demonstrated 
(measured plus indicated) resource from which 
reserves are estimated. It may encompass 
those parts of the resources that have a 
reasonable potential for becoming economical- 
ly available within planning horizons beyond 
those that assume proven technology and cur- 
rent economics. The reserve buse includes those 


others generally to the reserve-base category, 
but it also may include the inferred-reserve- 
buse category; it is not a part of this classifica- 
tion system. 


Inferred Reserve Base.—The in-place part of an 
identified resource from which inferred 
reserves are estimated. Quantitative estimates 
are based largely on knowledge of the geologic 
character of a deposit and for which there may 
be no samples or measurements. The estimates 
are based on an assumed continuity beyond the 
reserve base, for which there is geologic 
evidence. 

Reserves.—That part of the reserve base which 
could be economically extracted or produced at 
the time of determination. The term reserves 
need not signify that extraction facilities are in 
place and operative. Reserves include only 
recoverable materials; thus, terms such as “ex- 
tractable reserves” and “recoverable reserves” 
are redundant and are not a part of this classi- 
fication system. 


Marginal Reserves.— That part of the reserve base 
which, at the time of determination, borders on 
being economically producible. Its essential 
characteristic is economic uncertainty. In- 
cluded are resources that would be producible, 
given postulated changes in economic or tech- 
nologic factors. 

Economic.—This term implies that profitable 
extraction or production under defined invest- 
ment assumptions has been established, ana- 
lytically demonstrated, or assumed with 
reasonable certainty. 

Subeconomic Resources. — The part of identified re- 
sources that does not meet the economic 
criteria of reserves and marginal reserves. 


Undiscovered Resources. — Resources, the existence 
of which are only postulated, comprising 
deposits that are separate from identified 
resources. Undiscovered resources may be 
postulated in deposits of such grade and 











'The terms “proved,” “probable,” and “possible, which are commonly used by in: physical location as to render them economic, 
dustry in economic evaluations of ore or mineral fuels in specific deposits or districts, ° : : 
have been loosely interchanged with the terms measured, indicated, and inferred. marginally economic, or subeconomic. To 
The former terms are not a part of this classification system. reflect varying degrees of geologic certainty, 
i. 
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(Undiscovered Resources — Continued) 
undiscovered resources may be divided into 
two parts: 

Hypothetical Resources.—Undiscovered re- 
sources that are similar to known mineral 
bodies and that may be reasonably ex- 
pected to exist in the same producing 
district or region under analogous geologic 
conditions. If exploration confirms their 
existence and reveals enough information 
about their quality, grade, and quantity, 
they will be reclassified as identified 
resources. 

Speculative Resources.—Undiscovered re- 
sources that may occur either in known 
types of deposits in favorable geologic set- 
tings where mineral] discoveries have not 
been made, or in types of deposits as yet 
unrecognized for their economic potential. 
If exploration confirms their existence and 
reveals enough information about their 
quantity, grade, and quality, they will be 
reclassified as identified resources. 

Restricted Resources/Reserves.—That part of any 
resource/reserve category that is restricted 
from extraction by laws or regulations. For ex- 
ample, restricted reserves meet all the re- 
quirements of reserves except that they are 
restricted from extraction by laws or regula- 
tions. 


GUIDELINES FOR CLASSIFICATION OF 
MINERAL RESOURCES 


1. All naturally occurring metals, nonmetals, 
and fossil fuels in sufficient concentration can be 
classified in one or more of the categories. 

2. Where the term reserves is used alone, 
without a modifying adjective such as indicated, 
marginal, or inferred, it is to be considered 
synonymous with the demonstrated-economic 
category, as shown in figure 1. 

3. Definitions of resource categories can be 
modified for a particular commodity in order to 
conform with accepted usage involving special 
geological and engineering characteristics. Such 
modified definitions for particular commodities will 
be given in forthcoming government publications. 

4. Quantities, qualities, and grades may be ex- 
pressed in different terms and units to suit 
different purposes, but usage must be clearly 
stated and defined. 
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5. The geographic area to which any 
resource/reserve estimate refers must be defined. 
6. All estimates must show a date and author. 

7. The reserve base is an encompassing 
resource category delineated by physical and 
chemical criteria. A major purpose for its recogni- 
tion and appraisal is to aid in long-range public and 
commercial planning. For most mineral com- 
modities, different grades and tonnages, or other 
appropriate resource parameters, can be specified 
for any given deposit or area, or for the Nation, 
depending on the specific objectives of the 
estimators; therefore, the position of the lower 
boundary of the reserve base, which extends into 
the subeconomic category, is variable, depending 
on those objectives. The intention is to define a 
quantity of in-place material, any part of which 
may become economic, depending on the extrac- 
tion plans and economic assumptions finally used. 
When those criteria are determined, the initial 
reserve-base estimate will be divided into three 
component parts: reserves, marginal reserves, and 
a remnant of subeconomic resources. For the pur- 
pose of Federal commodity assessment, criteria for 
the reserve base will be established for each com- 
modity. 

8. Undiscovered resources may be divided in ac- 
cordance with the definitions of hypothetical and 
speculative resources, or they may be divided in 
terms of relative probability of occurrence. 

9. Inferred reserves and the inferred reserve 
base are postulated extensions of reserves and of 
the reserve base. They are identified resources 
quantified with a relatively low degree of certainty. 
Postulated quantities of resources not based on 
reserve/reserve-base extensions, but rather on 
geologic inference alone, should be classified as un- 
discovered. 

10. Locally, limited quantities of materials may 
be produced, even though economic analysis has in- 
dicated that the deposit would be too thin, too low 
grade, or too deep to be classified as a reserve. This 
situation might arise when the production facilities 
are already established or when favorable local cir- 
cumstances make it possible to produce material 
that elsewhere could not be extracted profitably. 
Where such production is taking place, the quanti- 
ty of in-place material shall be included in the 
reserve base, and the quantity that is potentially 
producible shall be included as a reserve. The 
profitable production of such materials locally, 
however, should not be used as a rationale in other 


areas for classifying as reserves, those materials 
that are similar in thickness, quality, and depth. 

11. Resources classified as reserves must be con- 
sidered economically producible at the time of 
classification. Conversely, material not currently 
producible at a profit cannot be classified as 
reserves. There are situations, however, in which 
mining plans are being made, lands are being ac- 
quired, or mines and plants are. being constructed 
to produce materials that do not meet economic 
criteria for reserve classification under current 
costs and prices, but would do so under reasonable 
future expectations. For some other materials, 
economic producibility i is uncertain only for lack of 
‘detailed engineering assessment. The marginal- 
leer yes category applies to both situations. When 
economic production appears certain for all or 
some of a marginal reserve, it will be reclassified as 
reserves. 

12. Materials that are too low grade or for other 
reasons are not considered potentially economic, in 
the same sense as the defined resource, may be 
recognized and their magnitude estimated, but 
they are not classified as resources. A separate 
category, labeled other occurrences, is included in 
figures 1 and 2. 

13. In figure 1, the boundary between subeco- 
nomic and other occurrences is limited by the con- 
cept of current or potential feasility of economic 
production, which is required by the definition of a 
resource. The boundary is obviously uncertain, but 
limits may be specified in terms of grade, quality, 
thickness, depth, percent extractable, or other 
economic-feasibility variables. 

14. Varieties of mineral or energy commodities, 
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such as bituminous coal as distinct from lignite, 
may be separately quantified when they have 
different characteristics or uses. 

15. The amount of past cumulative production is 
not, by definition, a part of the resource. Never- 
theless, a knowledge of what has been producec is 
important to an understanding of current re- 
sources, in terms of both the amount of past pro- 
duction and the amount of residual or remaining 
in-place resource. A separate space for cumulative 
production i is shown in figure 1. Residual material 
left in the ground during current or future extrac- 
tion should be recorded in the resource category 
appropriate to its economic-recovery potential. 

16. In classifying reserves and resources, it is 
necessary to recognize that some minerals derive 
their economic viability from their coproduct or 
byproduct relationships with other minerals. Such 
relationships must be clearly explained in foot- 
notes or in an accompanying text. 

17. Considerations other than economic and ge- 
ologic, including legal, regulatory, environmental, 
and political, may restrict or prohibit the use of all 
or part of a deposit. Reserve and resource quan- 
tities known to be restricted should be recorded in 
the appropriate classification category; the quanti- 
ty restricted and the reason for the restriction 
should be noted. 

18. The classification system includes more divi- 
sions than will commonly be reported or for which 
data are available. Where appropriate, divisions 
may be aggregated or omitted. 

19. The data upon which resource estimates are 
based and the methods by which they are derived 
are to be documented and preserved. 
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RESOURCES OF (commodity name) 
[A part of reserves or any resource category may be restricted from extraction by laws or regulations (see text)] 
_AREA: (mine, district, field, State, etc.) UNITS: (tons, barrels, ounces, etc.) 


IDENTIFIED RESOURCES UNDISCOVERED RESOURCES 
oS EE 


EEE EEE ARE IE LEEDS PEEP ELE E EE EEIA LR IE ATED DE EEA LEO 





Cumulative 













Demonstrated 


Meares 


Production 


Probability Range 
(or) 







Inferred 








Hypothetical Speculative 





Inferred Reserves 





Reserves 


255 Shae a ai 













Inferred 


MARGINALLY 
Att Marginal Reserves 


ECONOMIC 






Marginal Reserves 


———}—— — 




















Inferred 
SUB - Demonstrated Subeconomic 
Subeconomic Resources Resources 


ECONOMIC 


Other : : 
Includes nonconventional and low-grade materials 


Author: Date: 
Ficure 1.- Major elements of mineral-resource classification, excluding reserve base and inferred reserve base. 


RESOURCES OF (commodity name) 


[A part of reserves or any resource category may be restricted from extraction by laws or regulations (see text)] 
AREA: (mine, district, field, State, etc.) UNITS: (tons, barrels, ounces, etc.) 


IDENTIFIED RESOURCES UNDISCOVERED RESOURCES 
Production Probability Range 


( 
Measured Indicated Hypothetical Speculative 
ECONOMIC 


Cumulative 






inferred 
Reserve yee a 
. Reserve 
MARGINALLY 
ECONOMIC 
Base Base 


SUB- 
ECONOMIC 


Other Includes nonconventional and low-grade materials 
| Occurrences 


Author: Date: 
FicurE 2.—Reserve base and inferred reserve base classification categories. 


5 # U.S. GOVERNMENT PRINTING OFFICE: 1980 O— 311-344/106 


T- 


SAT 
ivi 


= 


wi ares 1 Wee 


Lb AU: 


NTIONA'_Y 


BLANK 











GEOSTATISTICS, PART 1 OF A SERIES 





A. G. Royle, senior lecturer, Department of Mining and Miner- 
al Sciences, University of Leeds, England 


Evaluators of mines have always had an active appreciation 
of the effects of “regionalized variables”—those variables 
whose values are related in some way to their positions. In 
mineral deposits, the occurrence of high-grade and low-grade 
sections, pay shoots, and lower-grade fringe areas make ore 
grade a regionalized variable. , 

Mining engineers and mine geologists have long realized 
the uselessness of taking a large number of samples at one 
ore exposure, which may occur in a persistently poor or rich 
zone and tell little of the nature of ore elsewhere in the 
deposit. Furthermore, whenever circumstances have allowed, 
mine technicians have taken samples at regular intervals, 
rather than deliberately “randomizing” their data by taking 
samples at randomly selected sites. 

Such sampling practice was well-founded, but a theoretical 
demonstration of its soundness was difficult. Also, when 
things went wrong, corrections were commonly made by 
applying “experience” factors. Using such methods, payable 
deposits might be written off, while other deposits might be 
overvalued and never deliver estimated grades to the mill. 
“Overvaluation of a deposit by diamond drilling,” is a 
well-known phrase. But the diamond drill is neutral, so the 
cause must lie elsewhere. 


REGIONAUZED VARIABLES 


Assume that the following sets of numbers represent the 
values of two series of samples taken along drives in different 
orebodies: 


Moly 3iS6 w2? Qed) B 45 
LepdecS clea Die 8? Gerd 32 


The samples have the same mean value, 5.0, and the same 
variance, 6.67, but they obviously come from two distinct 
kinds of mineralization. 

Variance is calculated by the equation 


V= 


(MV _— SV(1))? + (MV — SV(2))?... + (MV_— SV(n))? 


No. of samples (n) 


“ele V = variance, MV = mean value, and SV = sample 
value. 

The first of the two series cited as examples would 
probably be called very erratic and the second more uniform. 
In other words, the single statistic of variance is of little value 
by itself. If a geologist were told that the mean and variance 
of the contained metal percentage in the samples were 5.0 
and 6.7 respectively, he would have no idea whether the 
mineralization was erratic or otherwise. 

Next, suppose that the following set of numbers represents 
a line of samples in another part of the uniform deposit: 


31 33 35 37 39 38 36 34 32 
They have a mean of 35, but their variance is 6.67—the 


same as the first two sets of samples. More important, they 
have the same spatial variation as the second set, as measured 
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Fig. 1—A typical variogram 
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Fig. 2—Range of influence in a gold mine 


Upper level 


by the differences between the sample values at various 
sampling intervals. The following calculations emphasize this 
point. 

At one sampling interval, the average squared difference 
between sampie values is 


(31-33)? + (33-35)? +... (36-34)? + (34-32)? 
8 


= 3.63 


At two sampling intervals, the average squared difference 
becomes 


(31-35)? + (33-37)? + ... (38-34)? + (36-32)? 
7 


= 12.86 
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Fig. 3—Polygon construction for the method of polygons 


Fig. 4—Regression curve for a gold mine 
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and so forth. 

As samples separated by increasing distances are consid- 
ered, the mean squared differences between their values tend 
to increase. This is a feature of all orebodies at some scale of 
sampling. 

For the erratic set of samples, at one sampling interval the 
average squared difference is 


7/2 -3)2 oR)2 -§\2 
(1-7)? + (7-3) gt + (8-5) = 220 


This value is larger than the value of the more uniform 
samples above —in other words, much more erratic. 

As will be demonstrated in later articles in this series, these 
mean scuared differences can be used to construct a vario- 
gram depicting the spatial variability at increasing distances 
between sample points. First, there is a range corresponding 
to the “range of influence” of the variable, a well-known 
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concept that the variogram puts on a rational and numerical 
basis (Fig. 1). Second, the variogram splits the total variance 
into two parts. One represents the “spatial” differences 
between the values of samples taken at points separated by 
increasingly larger distances. The other represents local or 
short-range variances. 

The latter can best be appreciated by considering the assay 
values for the two halves of a split drill core. For some 
deposits, the differences between such assay values are 
small—usually the case with base metals. In gold deposits, 
they can be large. This local, random variance is called the 
nugget variance, while the larger-scale one is the spatial 
variance. Thus, thicknesses, assays, foot-percent values, and 
other values measured in mineral deposits exhibit a partly 
random variation and a partly spatial variation. Fig. | is a 
typical variogram that illustrates all of these points. 


VALUATION OF ORE BLOCKS -- 


Underground blocks of ore are often valued by taking 
samples on the levels running along the upper and lower . 
edges of the blocks and using the mean of the samples, 
probably weighted by their thicknesses, as an estimate of the 
mean value of the stope. Consider the results of such an 
estimating procedure for a gold-quartz deposit in which the 
range of influence of sample values is 30 ft and the level 
interval is 100 ft (Fig. 2). Obviously nothing will be known 
about the central, 40-ft-thick slice through the stoping block, 
and taking more samples on the upper and lower levels will 
not improve the estimates because the slice is out of range of 
all the samples. A sublevel through the center of the stope 
would be a better approach. 

For base metals deposits, where the range of influence may 
be several hundred feet, the samples on the levels might be 
adequate. Indeed, some mines could take fewer samples 
without any serious loss of accuracy in estimation. Using 
geostatistics, the likely errors of estimation in such valuations 
can be calculated very quickly. 
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THE METHOD OF POLYGONS 


The method of polygons is widely used to estimate total 
reserve in a deposit. Basically, the method divides the deposit 
into a series of polygons centered on individual samples, the 
polygons being constructed by drawing in the perpendicular 
bisectors of the lines between sampling points (Fig. 3). Each 
polygon is assumed to have a mean value equal to the value 
of the sample it contains. Until fairly recently, very few 
Studies had been devoted to the errors inherent in this 
method. 

In view of the extent to which the polygon method has 
been used, it may be worthwhile to review in very general 
terms the “regression effect*—the undervaluation that 
results when a low-value set of samples is used to value a 
block of ground and the overvaluation if a high-value set is 
used. An actual regression curve from a gold mine ‘s shown 
in Fig. 4. The mean value of samples taken around the 
periphery of a stoping block at the mine is the estimator for 
the block. For example, a sample set with a mean value of 2.0 
will, on average, be obtained for blocks having a mean value 
of 5.1, while an above-average sample set of 17.0 indicates 
blocks having a value of only 14.6. 

If a perfect estimator were available, the regression curve 
would be a straight line sloping at 45° to each axis, and all 
points woutd lie on the line. As will be demonstrated later, 
the bias of an estimator can be measured in terms of the 
mean slope of the regression curve. 

How does the bias of the polygonal estimator arise, and 
can this bias explain overvaluation resulting from use of the 
estimator? First of all, if good core recovery is achieved and 
if assays are correct, then the values obtained for the drill 
cores are valid. However, while they are true values for the 
cores, they are not true for the polygons. A low-value core 
sample will lie below the true mean of its polygon, and a 
high-value sample will similarly lie above it—which is the 
bias of the method. If such values are taken to represent 
reserves, estimated tonnages will be either high or low, 
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according to the bias. 


An example of bias is illustrated in Fig. 5, which is based 
on a model orebody for which the actual block values are 
known. The graph corresponds to reality and in no way 
exaggerates what can happen in a real orebody. With a 
cutoff grade of 200 (in deadweight tons per block), the 
polygonal method indicates a reserve of 935 blocks having a 
mean grade of 530 deadweight tons per block. In fact, the 
true reserves at this cutoff grade are 1,400 blocks with a 
mean grade of 415 deadweight tons per block. 

For some orebodies, the polygonal estimator does not 
appear to do so badly. Is there some reason for this? 

Imagine that a polygon is drilled repeatedly and several 
hundred samples are taken from it. The sample values, not 
being identical, will have a variance. The bigger this vari- 
ance, the greater the chance of obtaining either a very 
high-grade or-a very low-grade sample within a polygon. 
Deposits that have low sample variances within each polygon 
will be valued with less bias than those with high sample 
variances, because there will be fewer high-grade samples to 
inflate the expected mean grades of polygons, and fewer 
low-grade samples to cause rejection of polygons from 
reserves. 

As mentioned above, the bias of an estimator can be 
expressed in terms of the mean Slope of a regression curve. 
The bias is also a function of the random component of the 
variogram and can be expressed in terms of the nugeet effect 


Ee Random component of the variance 
Spatial component of the variance 


The slope of the regression line is plotted against the 
nugget effect in Fig. 6. Remembering that a perfect estima- 
tor will have a regression slope of | (= tan 45°), one can see 
that some bias is still present even for very low values of £. 
Also, results derived by the polygonal method worsen rapidly 
as E increases. Thus, the method is Virtually useless for 
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Fig. 6—Bias using the nugget effect 
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“erratic” deposits, or—in geostatistical terms—for deposits 
having high nugget effects. 

The range of influence also has an effect on results derived 
by the polygonal method. If the range of influence is small, 
leaving the outer areas of the polygons beyond the range of 
influence of their central samples, then the values of the 
samples will be unrelated to the outer areas. (See Fig. 2.) 
Even if several samples are taken inside each polygon and 
averaged, there is still some residual bias, although it is 
reduced. 

As will be shown later in this series, the practice of 
“kriging” overcomes the regression effect by valuing a poly- 
gon through the use of both its own value and the sample 





Fig. 7—Effect of overemphasis 
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values of the surrounding polygons. Sample values are 
weighted to minimize errors of estimation and produce an 
unbiased estimate. The weights have nothing to do with the 
areas of the polygons. 


DESIGN OF SAMPLING PROGRAMS 


In the past, attempts have been made to determine the 
number of samples from a deposit that are needed 10 reduce 
confidence limits to some required figure. This has been done 
by calculating the usual mean and variance of the samples 
and then finding the standard error of the mean. The latter is 
obtained by dividing the variance by the number of samples 
taken and taking the square root of the result. Reference is 
then. made to a set of statistical t-tables. For any given 
number of samples, confidence limits can be determined by 
multiplying the standard error by the number found in the 
t-tables. 

Often, the number of samples required by this method is 
unacceptably high—far beyond any number likely to be used 
in practice. How, then*have orebodies been valued satisfac- 
torily using fewer samples? 


_The answer is simple. The method that uses the standard : 


error of the mean disregards the spatial component of the 
vanance. In fact, it assumes that the nugget, or random 
component, accounts for all of the variance. On a variogram, 
this situation appears as a straight horizontal line, as in Fig. 
7, which looks completely different from the probable struc- 
ture of the variogram in Fig. 1. 

For example, suppose an area of ground 2,000 ft x 2.000 ft 
square is to be valued by samples taken regularly within it. If 
only four samples were to be taken, each sample would be at 
the center of a 500 x 500-ft square, and so on. Assume a 
random (nugget) component of variance of 30 units, a spatial 
component of 150 units, and a range of influence of 500 ft. 
Fig. 8 shows the number of samples required to produce a 
given geostatistical standard deviation or a given standard 
error of the mean for nonspatial statistics. One can see how 
an appreciation of the effect of the spatial component of the 
total variance reduces the number of samples needed in 
practice for any desired confidence limits. Calculations of 
this kind require only a few minutes with a pocket calculator 
and a set of geostatistical tables. 

Fig. 8 also shows that a point is soon reached at which 


Fig. 8B—How spatial component reduces 
Sampling recuirements _.. 
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taking of further samples has only a very small effect on 


reducing the confidence limits. In this example, it occurs at...:... 
about 30 samples. Beyond that figure, the curve flattens - 


markedly. 

The range of influence is important in sampling programs, 
and when it is large, samples can be taken at relatively large 
intervals. If something is known of the range of influence, 
sample spacing for global (total reserve) estimates for a 
deposit may initially approach 90% of the range, because the 
samples will be just correlated at this distance. When differ- 
ent ranges of influence occur in different directions, as 
commonly occurs in alluvial deposits, the sampling program 
can be optimized by varying the sampling intervals in 
Proportion to the ranges. 

Thus, if the range of influence is 500 ft from north to south 
and 250 ft from east to west, the sampling interval from 
north to south could be 400 ft and that from east to west 
could be 200 ft. In many cases, anisotropies of this nature, 
although qualitatively recognized, have been greatly exagger- 
ated because too large a sampling interval has been used in 
one direction and too small an interval in the other. Geosta- 
tistics would have produced the maximum effect from the 
same number of samples by optimizing the ratio of the two 
sampling intervals. To do so, all that is needed is two 
variograms, one in each direction. 


FLUCTUATING MILL-FEED GRADE 


It is a mistake to believe that fluctuations in mill-feed 


grade arise only from errors of estimation of block mean: - 


grades or that they arise solely from differences between the 
mean valucs of consignments of ore sent to the mill. In fact, 


- Nuctuations arise from both sources, and geostatistics allows -° --” 


them to be calculated fairly easily. Fluctuations in the true 
mean grades of consignments of ore sent to the mill depend 
on two things, apart from the natural variation of grade 
within the deposit. In any given deposit, such fluctuations 
depend also on the size of the blocks for which the mean 
grades have been estimated and on the size of the consign- 
alee of ore removed from the blocks and delivered to the 
mill. 

As usual, these fluctuations can be expressed as a variance. 
The mean grade of the consignments will be the:mean grade 
of the block, but the grades of the individual consignments 
will have a scatter, or variance, about the mean value. If the 
consignments are equivalent to a small panel measuring 
(/ x A) and the stoping block, whose mean grade has been 
estimated by krigir.2, measures (L x H), then the variance of, 
of the consignment grades within the block is simply: 


of = F(H.L) — F(A,d 


and the F functions in the equation can be found in a set of 
geostatistical tables or from graphs. 
Thus, the total variance of Nuctuation is: 


of = 0}, + of (kriging variance) 


SO it is possible to determine how many blocks must be mined 
simultaneously to keep the grade fluctuations of the mill feed 
between any given limits for any sct percentage of feed time. 
Assuming a normal distribution for o} , the mill feed Muctua- 
tion will be 


7e4 o} 
Foci HE | WV 


where ¢ is a multiplicr found in the s-tables for the appro- 
priate time percentage (such as 90% or 95%), N is the 
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number of blocks mined together, and Z° is the estimated 
mean grade of the NV blocks. = 
_ There are other, more complicated ways of tackling the 

same problem. One method uses the variogram as a basis for 


_,, Simulations of the orebody. The model orebody represented 


by the simulations has the same spatial variation as the real 
orebody, but this does not necessarily imply that grades 


. generated at points in the model will be the:same as those at 


Corresponding points in the actual orebody. Variance within 
the model, however, is of interest. Large numbers of points 
are generated within each model.“consignment™ and hence 


-within each “stoping block.” Mean grades of the points 


within each consignment are considered to be the mean 


- consignment grades, so the variance of these within a block 
‘can be found easily. Different models can be generated for 


the same orebody. However, the use of simulations is some- 
what sophisticated, and they are often applied only to more 
demanding problems. 


STATISTICAL MINE CONTROL 


Having made unbiased estimates of the mean values of 
blocks of ore by kriging, a mine planner has available an 
inventory of estimated blocks of ore, and he knows their 
locations within the orebody. Knowing the fluctuations in 
mill-feed grade, he can determine how many stopes should be 
producing to easc milling problems. With accurate estimates 
of the mean grades of blocks, rational production scheduling 
can begin. 


- - Above-all, such scheduling is based on unbiased estimates. 


By using the kriging variances of estimation, a planner can 
calculate the probability of failing to achieve a certain 
production over a given mining period. (The great majority 
of production literature rarely embarks on this considera- 
tion.) 

Geostatistics can also prevent conflicts among various 
operating departments. For example, if production is lagging, 
the miner typically blames the geologist for “finding” nonex- 
istent ore or for overestimating grade, while the mill blames 
the miner for delivering low-grade ore or for failing to keep 
up production. The geologist, on the other hand, accuses the 
miner of missing ore or of overbreaking waste, and the miner 
accuses the mill of hiding its deficiencies in what appear to 
be unnecessarily complicated calculations. i ; 

All of these disagreements can be avoided by use of 
geostatistics. Variations in ore grade can be explained, 
estimation variances will predict the quality of estimates. and 
straightforward calculations can be made of the probability 
of dclivering—or not delivering—expected grades or 
tonnages. If in fact predicted grades or tonnages are persis- 
tently wrong, geostatistics will more easily unmask the 
sources of errors. 

For example, an estimation method that does not use 
geostatistics might on a given occasion undervalue ore grade 
and overvalue tonnage. If under these conditions a miner 
appeared to be achieving the required grades and tonnages, 
dilution by overbreaking of waste obviously would be occur- 
ring. But because the errors would compensate for each 
other, they would go unnoticed. The unbiased estimates of 
geostatistics would sort out such a situation. 


WHY GEOSTATISTICS? 


A brief argument for the use of geostatistics would make 
the following points: 
® Geostatistics is soundly based on good valuation practice, 
in that it provides a rational theoretical basis for intuitive 
mine valuation practices of the past. 
® Recognition of the fact that total variation is partly 
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random and partly spatial leads to estimates that are 
unbiased and have lower errors of estimation. Geostatistics 
also shows where to look for sources of errors. 

© Geostatistics explains why some traditional types of esti- 
mator, such as the polygonal method, produce biased esti- 
mates. These biases may be removed by using other kinds of 
estimators, or kriging. 

® Grade-control problems are amenable to geostatistical 
treatment because the number of working stopes needed to 


‘keep mill-feed grade fluctuations within predetermined limits 


can be easily determined. 

® Valuation and mining operations can be kept under statis- 
tical control, and deviations, which must occur with some 
calculable frequency, can be forecast and dealt with. The 
unbiased nature of geostatistical estimations is of prime 
importance for such control. They do not create compensat- 
ing errors that mask other deficiencies in ore estimation, 
mining, or milling. 

® Sampling and valuation programs can be designed eco- 
nomically, and geostatistics can help optimize sampling 
patterns. 

As for the mathematical difficulties of geostatistics, they 
Certainly exist at the theoretical level and in the more 
advanced practical applications, but a great deal of good 
valuation practice is within the capability of a person with 
only a low level of mathematical expertise. Geostatistical 
















ABOUT THIS SERIES 


Miners and geologists have always known that the value 
of minerals in a given volume of ore depends heavily on 
the position of the ore in the orebody and on the value of 
the ground surrounding it. Thus, traditional methods of 
ore reserve estimation have attempted to combine data on 
the position of the sample with an intuitive notion of 
“area of influence” to produce usable results. Polygonal 
and triangular weighting, rectangular zones of influence, 
and inverse distance methods were all developed so that 
both characteristics—spatial position and value of 
surrounding ground—would be included in the estima- 
tion. However, there is no objective way to measure the 
reliability of these estimating techniques. 

In an attempt to produce estimators for which confi- 
dence limits might be derived, workers in the field have 
borrowed or developed techniques bascd on formal statis- 
tical theory. Unfortunately, these techniques were origi- 
nally developed for random observations of independent 
individuals in a given population, with no regard for 
spatial position. 

Therefore, both approaches have to some extent fallen 
short. The classical approach embodies the notion of the 
spatial variation of values at the expense of quantitative 
measures of reliability. The formal statistical methods 
produce confidence limits but ignore spatial relationships. 

Following earlier empirical work by Krige, Matheron 
developed the theory of regionalized variables specifically 
to resolve these problems. : 

A random variable is a measurement of individuals that 
is expected to vary between individuals in some probabil- 
istic way. A regionalized variable is-a random variable 
that takes different values according to its pasition within 
some region. In ore reserve estimation, the orebody is the 
region, and grade, thickness of ore, density, or any other 


_. yields a direct quantitative measure of the reliability of 


tables are available that list possibly dismaying multiple 
integrals as simple arithmetic numbers. The majority of 
orebodies can be vaiucd effectively by a competent geologist 
or engineer who has a working knowledge of geostatistics. 

One other criticism is sometimes leveled: “Geostaistical 
methods need more data to make them work.” This view is a 
sure sign that someone has a firm grasp on the wrong end of 
the stick. When geostatistics appears not to work, the reason 
is usually precisely that the data were insufficient in tne first 
place. Polygons, for example, can be drawn about any 
pattern of boreholes, but as usually practiced the polygonal 
method does not produce an estimate of the errors of 
estimation nor show whether there is any correlation between 
sample values at the sampling interval used. In other words, 
it does not show whether a “valuation” in an acceptable sense 
has been made. 

By contrast, the first step in using geostatistics would be to 
produce a variogram of sample values or thicknesses. If this 
appeared to be random (the pure nugget variance of Fig. 7), 
one could conclude that the sampling interval was too large 
for the purpose of assigning values to blocks of ground be- 
tween the boreholes—or for designing a mining program to 
extract blocks above some given cutoff grade. At some mines, 
“high grading” of blocks erroneously thought to contain 
exceptionally high values has proved not only disappointing 
but disastrous.am 


desired measure are the regionalized variables. The 
behavior of ore grades within any given deposit conditions 
this method of reserve estimation to that particular cepos- 
it. The continuity and/or erratic nature of the mineraliza- 
tion, its variation in grade over the deposit, and the 
positions of the available samples combine to create a 
unique estimating technique for each deposit. The tech- 
nique produces not only the best possible estimates of ore 
reserves, both locally and throughout the deposit, but also 


the estimates. 

This series of articles will describe more fully the need 
for a geostatistical approach to ore analysis and the way 
in which such an analysis is performed. The reader 1s 
assur-..d to be familiar with some elementary statistical 
terms, such as mean, variance, and probability distribu- 
tion, but the specialized vocabulary has been kept to a 
minimum. 

Later articles in the series will be written by Isobel 
Clark, lecturer, Department of Mineral Resources Engi- 
neering, Royal School of Mines, London; Peter Brooker, 
senior lecturer, Department of Economic Geology, 
University of Adelaide, Australia; Jean-Michel Rendu, 
associate professor, Department of Metallurgical and 
Mineral Engineering, University of Wisconsin-Madison; 
Harry Parker, chief geologist and statistician, Fluor 
Mining and Metals Inc.; Robert Sandefur, development 
engineer, Utah International Inc.; and Andre Journel, 
visiting professor, Department of Applied Earth Sciences, 
Stanford University. 

The preparation of the series was coordinated by Pierre 
F. Mousset-Jones, associate professor, Department of 
Mining Engineering, Mackay School of Mines, University 
of Nevada, Reno. 
























crabs ENTE eh 8 SYR tert grt On LC Rig SRE OEIRPISS FOI, OE Ae MES CENT OLE LUAU PRE 


GEOSTATISTICS, PART 2 OF A SERIES 





LSC N al Ne A a | ea ee See) 


THE SEMIVARIOGRAM - PART 1 


Dr. Isobel Clark, lecturer, Department of Mineral Resources 
Engineering, Royal Schoo! of Mines, London 


The procedure for making a geostatistical ore reserve estima- 
tion can be divided into two parts. The first is the investiga- 
tion and modeling of the physical and statistical structure of 
the orebody for which the estimation is being made. 
Concepts of continuity and structure in the deposit are 
embodied in “semivariograms” that arc constructed during 
this first step. The second stage of the procedure is the 
estimation process itsclf—kriging—which depends entircly 
on the semivariograms constructed during the first stage. 

This article and the next in this serics will-cover the first 
Stage of the geostatistical estimating procedure. In this 
article: the: theoretical foundations of gcostatistics are 
discussed without resort to mathematical equations. (The 
reader is assumed to be familiar with such terms as probabil- 
ity distribution, mean, and variance.) Other statistical 
approaches to ore reserve estimation are reviewed, and the 
development of geostatistics from these is shown as the next 
logical step. The importance of the semivariogram Is a dircct 
product of these basic assumptions. Practical methods for 
constructing a semivariogram, in both idcal and slightly more 
realistic situations will be described, as will the intuitive 
interpretation of the form of the graph. Finally, the most 
common types of simple semivariograms will be described, 
along with the “models” that correspond to them. 


CONCEPTS OF GEOSTATISTIG 


Like all statistical techniques, geostatistics is based on a 
probabilistic concept. Such concepts and assumptions have 
becn described often in mathematical terms! but hardly ever 
in terms of their practical implications. 

Suppose a set of samples is taken from points scattered 
over a deposit. Classical statistical techniqucs, for example 
Sichel’s 1 estimator, assume that all of the samples are taken 
randomly and independently from onc simple probability 
distribution —that all points in the deposit can be thought of 
as samples from that single distribution. This assumption is 
called stationarity. The approach does not involve any knowl- 
edge of the actual sample positions or of relationships 
between samples, but it can be extremcly valuable as a 
method for gaining an overall picture of the deposit, or part 
of the deposit, especially at the prefcasibility stage. 

Trend analyscs—rolling means, trend surfaces, ctc. —allow 
for spatial structure by altering slightly the above assump- 
tion. These methods assume that cach point is a sample of 
the same type of distribution but that the average of the 
distribution can change from place to place in the deposit. 
This trend 1s a change in expected grade, and actual grade is 
a random sample from a distribution having the expected 
grade as its mean. Thus, a trend surface will never go 
through data values, because there will always be some 
random variation about the mean. Polynomial trend surfaces 
try to approximate these expected valucs by a low order 
polynomial cquation: rolling means (ry to approximate them 
by an averaging process over a local arca. 

The assumptions of geostatistics are not so restrictive nor 
so easy to explain. Geostatistics accepts the concept that cach 
point in the deposit represents a sample from some distribu- 
tion, but the distribution at any one point may differ 
completcly from that at all other points in the deposit in its 
form, mean, and variance. 


Consider two points separated by a distance A and having a 
given relative orientation. If the difference in grades is taken 
between these two points; then’ this difference will be 2 
variable that follows a distribution dictated by the distribu- 
tions at each of the two points. Take another pair of points 
the same distance apart. and having the same orientation. 
The difference in grade between these points will also have a 
distribution. 

Geostatistics assumes that the distribution of the differ- 
ence in grade between two point samples is the same over the 
entire deposit, and that it depends only on the distance 
between and the orientation of the points. In other words. 
differences in grades must_be consistent, nof constant, over 
the deposit. This assumption is sometimes referred to as the 
intrinsic hypothesis or quasi-stationarity. 

Now, consider the distribution of the difference in grade 
between two points A distance apart. Most distributions are 
described by their mean and variance, or standard deviation. 
In this case, the mean of distribution shows the change in 
expected grade between the two points. Thus, it reflects the 
trend in values over the deposit—the drift, in geostatistical 
terms. This mean is denoted mi(h), because it will depend, like 
the rest of the distribution, on A. Strictly speaking. A 
describes both distance and relative orientation, because the 
structure of the deposit may be different in different direc- 
tions. If m/(h) is zero, there is no significant trend in the 
deposit. 

For the purposes of estimation, the variance of the distri- 
bution is more useful than the mean. The variance, which 
also depends on A, should measure the interdependence of 
grades al two points separated by distance A. Normally. 
points close together will be more related than points farther 
apart. In geostatistical terms, if the points are highly related, 
then the variance of the distribution of differences will be 
low, and vice versa. Thus, this variance is a measure of the 
influence. of samples over neighboring areas within the 
deposit. This variance is termed the variogram, since its usual 
representation is a graph of variance vs. the distance A. It is 
denoted mathematicall by 27(A). The factor 2 is a matter of 
mathematical convenience. +(A) is called the half-variogram, 
or, more usually, the semivariogram, although many authors 
shorten this to variogram. It is always wise to check whether 
an author means y or 2y when using the term “variogram.” 


CONSTRUCTING A SEMIVARIOGRAM 


The theoretical semivariogram y¥ is defined as onc-half of 
the variance of the differences in sample grades between 
points separated by a distance A. It is theoretical in the sense 
that it is assumed to cover the whole deposit. 

In practice, only a limited number of samples are avail- 
able, and an experimental semivariogram must be 
constructcd, usually called +°(A) to distinguish it from the 
theoretical onc. Throughout geostatistics, the asterisk is used 
to denote estimated or calculated values, as opposed to 
modeled or theoretically derived valucs. 

From the above definition, constructing an experimental 
semivariogram from a sct of data points would scem simple. 
However, to calculate a variance, one must first calculate a 
mean. In this case, the mean is the mean difference in 
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Fig. 1—Graphed semivariograms 
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grade—the drift or trend in values. Calculating the mean 
drift geostatistically is complicated and may not be neccs- 
sary. Assume then that the trend in the deposit is negligible 
(a subsequent section will deal with cases in which this is not 
true). If the mean is zero, then the variance reduces to the 
average square, or in this case, the average of the squared 
differences in grades. i rs ae 

Suppose that point samples in a line are arranged regular- 
ly. a given distance apart. For simplicity, let this distance be 
called unit length and the values (grades, thicknesses, recov- 
ery, etc.) at these points g), g), g3, and so on. The semivario- 
gram must be calculated for various distances and plotted on 
a graph of y° vs. h. Obviously, values of y* can only be 
calculated at distances 1, 2, 3, etc., since these are multiples 
of the sampling interval. For distance 1, all pairs of points 
that distance apart are taken to calculate the semivariogram. 
The difference in grade is calculated and squared for each 
pair. The results are summed and divided by the number of 
pairs used. This result is halved. For example, if there are 20 
samples: 


7° (1) = 2X /9[ (21-22)? + (23-25)? + (g5-g4)? +... + (B19-820)] 
and for distance 2: 
°(2) = 2X Vis [ (21-25)? + (27-84)? +... + (218-820)? 


or in general: 


N-h ‘ 
QN-h) ; ce (8) + 81.n) 


Spe tan b= 


forh 1.2.3... 10andN = 20. 

Each of these values becomes one point on a graph of y* 
vs. h. As an illustration, consider an almost vertical cassiter- 
ite vein that has been developed by means of parallel, 
horizontal drives. Eighty-seven samples are taken at 5-ft 
intervals along the drive, and the grade is measured in 
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pounds of black tin per ton of ore. The experimental semivar- 


‘| ~fogrant is calcutated using the procedure: described above. 


The result is the top graph in Fig. 1. 

Note that although 430 ft of drive were sampled. the 
semivariogram has been calculated only for distances up to 
215 ft. The theoretical restriction on distances between points 
used in y* is one-quarter of the total extent of the sample 
information, but in practice one-half is usually used. Note 
also that as the distance increases between pairs of points. 
fewer pairs go into the calculation. This implies that points 
on the graph closer to the origin {small distances) will be 
more reliable than those for greater distances, an important 


consideration when interpreting the semivariogram. 


The semivariogram for the cassiterite vein in the example 
should give an indication of the structure of the deposit in 
terms of ore grade. The graph indicates that samples very 
close together—5 ft or closer—may be very different in 
grade value. If a line is projected through the first two 
calculated points, instead of joining the origin at zero it 
appears to cut the axis at 95 (Ib per ton)?. By definition. if 
assay error is ignored, the difference in grade between a point 
sample and itself must be zero. The graph implies that if two 


. samples are taken very close together, a difference in grade 


of something close to 14 Ib per ton can be expected. This is 
the nugget effect. It reflects to some extent the built-in 
random nature of mincralization of this type. a variation that 
cannot be predicted by any method. 

If random variation accounts for a large proportion of the 
grade variation in a deposit, then a geostatistical reserve 
estimation might be of limited use. 

The shape of the first graph in Fig. ! rises and then falls. 
repeats this behavior, and then settles down. more or less. 
into a line that is reasonably straight, considering the small 
number of samples. This pattern, which suggests that at $0-f1 
and 80-ft intervals the difference in sample grade falls. 
appears because the ore occurs in shoots, and the drive 
Crosses several of these shoots at a level where the average 
width of a shoot is about 40 ft. Pairs of samples taken on 
either side of a shoot will be more similar than pairs with one 
point in the middle and one on the edge. Even in thes simpte 
example with few samples, the geological structure of the 
deposit can be seen and quantified. without being masked by 
the highly erratic nature of the individual sample valves 

The second and third graphs in Fig. | show the effect that 
a change of sampling interval can have on the interpretsison 
of a semivariogram. The second graph shows the same 
calculated semivariogram with only every other point ploried 
as if samples were available only every 10 ft. The persoaic 
Structure is still visible and easily identifiable. but the 
“random” variation appears to have increased to 11¢ (!b per 
ton)’, an increase in unpredictability of 20%. 

The bottom graph shows points only at intervals of 36 ft 
In this case, the deposit appears to have no structure 
whatsoever, with random variation from one sampie to 
another. The implication of this example is not that samrics 
should always be taken as close together as possible. but that 
the sampling interval should be borne in mind when inter- 
preting the semivariogram. 

In deposits that are essentially two-dimensional. such as 
vein deposits or sedimentary deposits of reasonably constant 
thickness, the ideal procedure is to collect samples on a 
square or rectangular grid. Several semivariograms can then 
be constructed, one in each of several directions. The semi- 
variogram may be strongly influenced by the orientation of 
the points as well as the distance between them. Thus. it is 
necessary to construct, say, an east-west 7°, a north-south 
y°. and perhaps a northeast to southwest and/or a northwest 
to southeast +°. 

Then it must be decided whether the differences between 
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the semivariograms in the different directions represent real 
differences in the depositional nature of the ore or whether 
they are purely “statistical” variations resulting from a low 
number of samples. Semivariograms in different directions 
may give valuable information about continuity or the lack of 
it across a deposit. Perhaps an anisotropic structure is to be 
expected in alluvial deposits, lenticular deposits, and some 
vein-type deposits. 

In practice, regular samples are rarely taken in all direc- 


“tions of interest. Most exploration programs are based on 


boreholes from which samples are taken at intervals of depth 
that are intended to be equal, but the boreholes are relatively 
great distances apart. Good semivariograms might be 
obtained down the hole, which is usually vertical, but infor- 
mation on the y* for the two horizontal directions will be 
sparse. Knowledge of the geology and structure of the deposit 
must be used to decide whether to assume that the deposit ts 
isotropic. Even then, checks should be made as soon as 
development or adit samples are available, to adjust the 
semivariograms if necessary. 

In a producing mine, samples are sometimes taken at 
regular time intervals that do not necessarily produce regular 
spatial intervals. The result is often a plan or section on 
which the sample points appear to be scattered arbitrarily. 
Obviously, in such a situation, construction of a semivario- 
gram for one particular direction will be difficult. There will 
be only a small chance of finding more than a few pairs 
separated by exactly the same distance. To calculate +°*, 
approximations have to be made. A direction is specified, and 
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pairs are sought within “a few degrees” of that direction. 
Then a distance A is specified, and pairs are taken within 
some specified range to cither side of that value for A. (This 
description is very general because actual practice depends 
on prevailing circumstances and is very much a rule of 
thumb. Experience and a thorough knowledge of the data 
obviously are necessary.) 

All in all, the construction of a semivariogram may be 
tedious and time-consuming, but it is rarely difficult. 


SEMIVARIOGRAMS IN THEORY 


While a calculated semivariogram may help in determin- 
ing the structure of a deposit and the behavior of gradc 
variations, it is purely a data summary technique — 
describing the behavior of the sample values. Conclusions 
about the whole deposit, if they are desired, must be 
produced by a process of inference. The process is analogous 
to the process of constructing a histogram from sample 
values and then inferring from the histrogram a theoretical 
distribution for the whole deposit. Certain distributions, such 
as normal or log-normal, if found, are more easily handled, 
and tables are available for use with them. Also, if an 
experimental semivariogram has been constructed, it must be 
related to some theoretical model if conclusions are to be 
drawn or estimations made for unsampled areas in the 
deposit. Such models are also used in kriging and other 
estimation procedures. 

Just as there are few distributions available to the practi- 
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CORRECTION... -- 
In the first article in this series, the paragraph that 
explains Fig. 5 (E&MJ, May, p 94) incorrectly specifics 
the Untrof- measure as deadweight tons. The correct 
unit is inch-pennyweight (in.-dwt); | dwt = 0.05 troy 
ounce. 

The text should read: With a cutoff grade of 200 
in.-dwt per block, the polygonal method indicates a 
reserve of 935 blocks having a mean grade of 530 
in.-dwt per block. In fact, the true reserves at this 
cutoff grade are 1.400 blocks with a mean grade of 
418 in.-dwt per block. 


tioncr of classical statistics, there are only a few simplistic 
modcls for a theoretical semivariogram. These divide into 
two groups, those in which the thcorctical semivariogram 
4(h) increases as the distance A increases and those that 
increase at first and then tend to level off at a constant value 
_ of y. The latter are said to have a sill, the value of which is 





usually represented by C. me 

Of the models without a sill, the most frequently uscd is 
the linear model. This semivariogram is simply a straight line 
passing through the origin of the graph and is defined by its 
slope p. The lincar + is shown as the dotted line in Fig. 2. A 
gencralization of this model cxists in which the valuc of + is 
related to the distance A raised to some power A that lics 
between zero and 2 but never actually equals 2. The other 
two curves in Fig. 2 show examples of the gencralized lincar 
model for specified values of 4. Only one other model 1S 
available without a sill—the De Wijsian model, which is 





distance is generally denoted by @ and defines the distance 

_within which samples may be assumed ta bear some relation- 
ship to one another. Points farther apart than distance a are 
unrclated or independent of one another; therefore, a@ is 
referred .o as the range of influence of a point within the 
deposit. The exponential model is also defined by these two 
parameters (sill and range of influence), but it rises more 
slowly than the spherical model and never quite reaches its 
sill. The two models in Fig. 3 have the same range of 
influence. 





Models without sills 





Linear +(h) = ph 
Generalized linear +(h)=ph\ Q<\<2 
De Wijsian *(A) == 3a log.h 
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Exponential +(h) = Cit-exp(h/a)] 
: 3 h? 
Spherical h) = [ -— 
Pp 5) Bgl Ch fers “Fi h<a 
=C j h>a 
Nugget effect +(h) =O h=0 
Aye Co h> Oo 


The other model with a sill docs not behave lincarly near 
the origin but rather is parabolic. It then takes the same sort 
of shape.as the spherical model in that it rises steeply toward 
the sill, but it reaches the sill in a smooth curve, rather than 
with the definite break of the spherical model. This modcl is 
said to be characteristic of data having a high degrce of 
continuity, such as the thickness of some sedimentary depos- 
its, and is called the Gauussian modcl. 

Onc useful characteristic of models that have sills is that 
the value C.should be cqual to the ordinary variance_of_the 
sample values within the deposit. That is, if the grade (or any 
other variable) could be measured at every point in the 
deposit and then the variance of that set of samples calcu- 
lated, the value would exactly equal C. Some authors take 


"advantage of this behavior and define an “guto-covariogram " 


that is cqual to the sill minus the semivariogram. In other 
words, they turn the semivariogram upside down, so that low 
valucs mean low interrelationships, etc. This docs not alter 
the results or conclusions drawn from the analyses. 

One other model of note is the one that represents purcly 
random behavior. All samples are completely independent of 
one another, so the semivariogram consists only of a sill. This 
is the nugget effect mentioned previously. The value taken by 
the sill is always denoted by Co. The + value is equal to Co 
everywhere except when h is exactly zero, since y (0) must be 
zero by definition. The equations for all of these models arc 
shown in the accompanying box.am 
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GeOSTRTENCS, POAT 3 OF ASeMCS 
THE SEMIVARIOGRAM - PRAT 2 a 





Dr. Isobel Clark, 'ecturer, Department of Mineral Resources 
Engineering, Royal Schoo! of Mines, London 


The previous article in this series laid the theorctical founda- 
tions for a geostatistical ore reserve estimation. The existence 
and possible form of the semivaringram pertaining to any 
specific deposit were discussed in relation to this conceptual 
basis. However, before embarking upon the actual estimation 
of reserves, 2 relationship must be established between the 
practical, calculated scmivariogram and the simplistic 
mouels. In practice, attempts to establish such a relationship 
may run into various difficultics. To aid the ore estimator, 
examples are given here of the most common deviations from 
the ideal and of how they are tackled. The effects of the size 
and shape of samples on the scmivariogram are also 
discussed. é 


RELATING PRACTICE TO THEORY 


Matching models and semivariograms is as fraught with 
practical difficulties as matching distributions and histo- 
grams. A good, stable experimental semivariogram with an 
easily recognizable sill may not look like cither of the two 
models available—the spherical or the exponential. The 
assumption that the trend is negligible may well be erron- 
eous. The deposit may be obviously anisotropic and require 
special attention. The curve may not go through the origin 
without bending drastically, requiring introduction of a 
nugect effect. It may appear that two or three of the simple 
modcls would have to be combined to produce a curve that 
would fit the experimental scmivariogram. 

In Fig. 1. for example, the solid linc in the upper graph 
represents a y° calculated vertically down a collection of 43 
borcholes scattered. at random across a small uranium depos- 
it. The lower graph shows the number of pairs of points that 
went into each calculated point on the semivariogram, giving 
an idea of the relative reliability of the +* valucs for large 
distances between samples. Little has been published on the 
sensitivity of the semivariogram to the number of pairs used 
in its construction, so such a graph-is invaluable in conveying 
an essentially intuitive idea of stability. Rules of thumb for 
the number of pairs needed seem to be as numcrous as the 
deposits to which geostatistics has bee= applicd, with recom- 
mendations varying from 20-25 to 400 or 500. 

In Fig. 1, there is obviously a very large nugect effect to be 
taken into account. Ifa line is projected through the first few 
data points. its intercept on the y axis should serve as an 
estimate for Co. Since the nugget-effect model is a horizontal 
line, the semivaringram becomes whatever model is chosen 
plus some constant Cy. Because the graph reaches a certain 
level and stays there, the spherical mode! must be chosen. 

One feature of the spherical model is that if the line near 
the origin is taken and cxtcndcd the other way, it will cut the 
sill when the distance A equals 2u/3. If this is done on this 
Curve, (wo lines mect at about 61/2 m, giving a range of 
influence of just under 10 m. However, it is apparent that the 
" curve docs not reach its sill until something like 30 m. The 
smooth dotted ine shows the model that was finally chosen 
after a process of trial and error. It issactually a mixture of 
two spherical models and a nugect effect. One model has a 
range of influcnce of about 4 m and a sill that has been 
seer by Cy and the other a range of 30 m and a sill of 

r 
A polynomial equation could have been produced that 
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would describe the line and that would fit the +° points just 
as well, except for two reasons. First, in order to estimate 
reserves, a model is needed that.can-be handled with relative 
ease. If a new model is created for each semivariogram. all of 
the multiple integrals and/or computer approximations that 
Bo with it must also be created. Second. in this and many 
other cases, there are physical reasons for expecting differing 
degrecs of continuity at different scales of investigation. 

In the case of a uranium deposit. a short-range reinfurce- 


ment of the radiation levels from sample to sample would be. 


suspected, along with a longer-range underlying continuity in 
the actual individual grades and a high Scgree of random 
“noise.” Mixed models have also been observed in other 
uranium deposits by Guarascio,' in copper vein deposits by 
Sinclair and Daraisme.? and by the author in a disseminated 
nickel deposit, where the model was supported completc:y by 
the company gcologist’s qualitative interpreta tion. 

Fitting a model to an experimental semivariogram can also 
be difficult if the deposit is anisotropic or zoned. Ideally. 
kriging is done on the assumption that the deposit is isulrop- 
ic. If it is not, then corrections must be applicd so that for all 
intents and purposes it becomes isotropic. The most common 
type of anisotropy, and the easiest to handic. occurs with 
semivariograms in different directions exhibiting different 
ranges of influence. Alluvial deposits have a higher ranec of 
influence in the downstream direction than across or vertical- 
ly through the Now. Lenticular deposits will probably have 
higher ranges along strike and downdip than across strike. 

Base metal sulphides have been known to show distinctly 
shorter ranges in the vertical direction than in the two 
horizontal ones. as have some porphyry coppers. Such a 
problem is tackled by changing the units of measurement so 
that all ranges have the same numerical value. 

For example, suppose a porphyry copper deposit has 
ranges in the two horizontal directions equa! to 400 fi. while 
in the vertical direction the range is only 100 ft. If the units 
arc changed in the vertical direction to '/ ft, then the range 
becomes 400 units, which makes the deposit isotropic. Krig- 
ing is then carried out, bearing in mind that the unit in the 
vertical direction is 3 in., not 1 ft. To estimate a block of 50 ft 
x 50 ft x 12 ft, units would be expressed at £0 « £0 x 48 and 
the block would be kriged as if the entire deposit had a range 
of 300 units in all directions. 

The other kind of anisotropy appears as different sills for 
semivariograms calculated in different directions or over 
different areas of the orebody. It is important for the 
estimator to decide if the difference in sills results purely 
from sampling variation. Any two sets of simples from the 
same distribution will have different variances—but the 
reason is that a finite number of samples are taken, not that 
there is an actual difference between the two scts. The same 
is truce for a semivariogram sill. which should eyu.l the 
sample variance. This is especially truc with log-nurmally 
distributed samples, where the apparent anisotropy cn be 
climinated completely by construction of semivanograns 
using the logarithm of the sample valucs. 

For example, consider the two graphs in Fig. 2. Sis 
devclopment drives have been driven following an alnwnt 
vertical cassiterite vein at 100-ft vertical intervals, between 
800 ft below surface and 1,300 ft below surface —08 level to 
13 level. Samples were taken every 10 ft along these drives, 
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measuring grade in pounds per ton and the width of the vein graph in Fig. 2. One might think that the structure of the 

in inches. Semivariograms were constructed on the vein deposit varies widely over this vertical stretch of 500 ft. ra ts 
widths, separately for each level. The experimental semivar- However, a plot of the same two levels with the 7° calculated (i 
jograms for 08 level and 12 level arc shown in the upper © from the logarithms of the lode widths shows two curves that \ 


Fig. 2—Vertical cassiterite vein ; | 
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Fig. 3—Mean vs. standard deviation 
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have virtually identical sills, and the truc structure of the lode: 


is more readily seen. 

The reason for this peculiar behavior, which is often 
termed the proportional cffect, is simply that the sample 
valucs have a log-normal distribution. In such a distribution, 
the standard deviation is directly related to the mean of the 
samples. 

Fig. 3 shows a graph of mean vs. standard deviation for (a) 
the actual sample values on cach level and (b) the logarithms 
of the sample values on cach level for the nine levels in the 
lode. Fur the actual sample values, the corrclation between 
the mean and standard deviation is 0.85 (a high correlation), 
and a shift of | in. in the mcan—from 27 in. to 28 in., for 
example — produces a shift in the sill of 30 (in.)?. Thus a 
3x7. change in mean causes an 11% change in sill. Taking 
logarithms produces standard deviations that are virtually 
independent of the mean—the calculated correlation here is 
0.07 (ur no corrclation). In fact, all of the semivariograms 
have almost equal variances —and thus the same sill—sq the 
Supposed anisotropy can be scen to be a product of the 
log-normality and not of varying geological structure. 
Having established that in this deposit the structure appears 
to be in fact isotropic, the original sample values can be used 
to construct an overall semivariogram for the whole lode and 
isotropic kriging can begin. This procedure can be followed 
for any deposit in which the sampling distribution is known 
to be log-normal. A genuinely anisotropic structure will be 
preserved through the logarithmic transformation, and if 
anything, a more stable semivariogram should ease the 
interpretation. 

One other problem that may interfere with fitting a model 
is the assumption that there is no significant trend within the 
deposit. Every deposit has rich arcas and poor arcas. Howev- 
er, such variation in expected grade may not constitute a 
significant statistical trend or, even if it does, the trend may 
not actually interfere with a geostatistical cstimation. If a 
trend docs exist and a semivariogram is calculated on the 
assumption that it docs not, the effect on y° is to add a 
parabola onto the actual form of the structure. Royle and 
Hosgnt offer an cxample of a sand and gravel deposit that 
exhibits such a trend (Fig. 4). The basic form of the 
semivariogram is spherical. The nugget effect, range of 
influence, and sill are clear, but some distance after the sill 
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Transformed data 





Standard deviation 


has been reached, the curve suddenly turns upward in a 
parabola. This is evidence that a strong trend exists but docs 
not interfere with the geostatistical structure until after the 
range has been reachcd. Since points further apart than the 
range should not be used in a geostatistical estimation, the 


- trend should not interfere with the kriging process. A model 


was fittcd in this case without: taking the trend into 
account. 

On the other hand, consider the semivariograms in Fig. 5 
for a copper-lead-zinc deposit in Spain. Borcholes were 
Grilled perpendicular to the plane of the orcbody and semi- 
variograms werc constructed in this direction. The Icad and 


Fig. 4—Sand and gravel deposit 
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zinc values show nothing but nuggct effect, while the copper DEALING WITH REAL SAMPLES : 


values show a substantial nugget effect plus a parabola. The 


implication is that the copper valucs are structured in a Throughout this article, samples have been referred to as — 
Strong trend combined with completely random behavior — points on the deposit. and the values of the samples as values o 
an ideal situation not for kriging but for trend surface at a point. In practice, it is well-nigh impossible to take ea) 
analysis. anything resembling a point sample. Rather. for borchole 

Most practical situations lic somewhere between the above cores, blasthole samples, channel samples. bulk samples. and 
two extremes, and deciding whether to account for the trend grab samples, only the average grade over an entire sample 
by Universal Kriging or by applying bueing in its simplest can be measured. Morcover, estimates must usually be made 


form can be very difficult. for panels or blocks of significantly larger size than the 


Fig. 5—Copper-lead-zinc deposit, Spain 


gute y : 7 
aoe TAts.. ce ae 
seeree 

. 


‘~ Bisrisl ques ‘ 
. SEW eos Wee, F 


ee aries Sc 
vs 


REISS Mite AU en aR 


a 
. Met 


Pee re 
ao ue Pe mete eet 4 


3 te Foo. ages %. 
rF.06 cena WS ; 





Distance h (meters) 





96 ao a Se ae : 
SONU sususr 1979 








Original samples: The size. geometry, weight, and method of 
analysis of a sample combine to form the support of the 
sample. and the semivariograms for samples having supports 
Other than points may differ markedly. 


For example, suppose a-y* is constructed on boreholes that 


have been assaycd in sections 2 m long. Only the average is 
known for each 2-m length, not the grade at each point. 
When a semivariogram is constructed, it will be calculated 
on these averaged values: thercfore, the sample variance will 
be smaller than the actual variance, and the sill of the 
semivariogram will be lower, if it has a sill. In fact, the whole 
Curve will be lower, although it should retain the same sort of 
Shape as the point semivariogram would have had. Fig. 6 
shows what would happen if the point y were spherical but 
the sampics available were borehole cores having a length 
equal to one-fifth of the range of influence. 

Obviously, when constructing an experimental semivario- 
gram, the support of all the samples that go into it should be 
the same. Then graphs and formulas can be used to extract 
the actual point semivariogram needed for kriging. Once the 
sill for the point semivariogram is known, then the sample 
variance, or dispersion variance, for points within the deposit 
is known. Using the model for y and tables or graphs, a 
variance can be produced for any size, shape, or volume of 
ore required. (A subsequent article will illustrate the uses of 
this volume-variance relationship and its important role in 
planning.) 

In addition to being able to derive the > between samples 
of a specified support. one can obtain without too much 
difficulty the values of semivariograms between two volumes, 
for example, that may be of different supports. The kriging 
Sysicm requires the semivariogram between the samples 
(boreholes and the like) and the area or volume (blocks, 


Fig. 6—Effect of sample “averaging” 


, it 


oe ‘panels, etc.) to be estimated. These can be found dwectly. ==: -- 


from y by evaluating the theoretical integrals, which is 


tedious and difficult, or by calculating a few standard 


auxiliary functions and manipulating them, which is less 
difficult, or by computer approximation, which is time- 
consuming but easy. In every case, the one necessary tool is a 
model for the point semivariogram for the deposit. 


IMPORTANCE OF SEMIVARIOGRAMS 


The finding of the semivariogram has been descrésed as 
the first step in a geostatistical estimation procedure. In a 
Sense, it is the most important step, because the model chosen 
will be used throughout the process of kriging and will 
influence all results and conclusions. At this stage. the 
estimator must decide whether or not to use geostatistics in 


- the estimation. The semivariogram is the only simple way of 


verifying the applicability of geostatistics, trend surface 
analysis, or even classical statistics to the deposit in question. 
In short, the construction of an experimental semivariogram 
should be as automatic a step in ore reserve estimation as the 
construction of a histogram.am z 
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KRIGING 


Dr. P.1. Brooker, senior lecturer, Department of Economic 
Geology, University of Adelaide, South Australia 


Commonly employed estimation techniques, such as inverse 
distance weighting. use a weighted average of sample values 
to estimate the mining blocks of a deposit. The weighting 
cucfficients are a function of the block and sample geometry 
and of some general ideas of the variation in: mincral 
deposits, but they make no reference to the particular 
variability of the orebody under study. Furthermore, these 
techniques do not allow a determination of the reliability of 
the estimates. 

Geostatistical estimation techniques— based on a study of 
the spatial variability of the orebody as reficcted in the 
scmivariogrum—are superior because they allow calculation 
of a measure of the error associatcd with the estimates, 
namely the variance of the error distribution. It is also 
possible to find the set of weighting coefficients for a given 
block and data configuration that minimizes this estimation 
variance. This procedure, which viclds the best linear 
unbiased estimator, 1s known as kriging. 


REUABILITY OF ESTIMATES 


Local estimation of the mining blocks of a deposit on the 
basis of available sample values is often carried out without 
regard for the variability of the orecbody. The simplest 
approach. the pulygonal method, which assigns a central 
sample value to the block, has sometimes been replaced by 
procedures that also take account of the ncighboring samples 
outside the block, such as weighting by the inverse of the 
sample distance from the block. That such techniques should 
be introduced is no surprise, since samples in a deposit arc 
almost invariably correlated over a considerable distance. 
Because of this correlation, samples external to the block 
boundaries may reveal information about the block. 

However, even with such methods, which show a necessary 
decrease in correlation with distance, it has never been clear 
why weighting by inverse distance or some other factor such 
as inverse distance squared should be uscd—or to what 
distz..ice from the block the weighting system should be 
applicd. Furthermore, there was no way of telling how good 
the estimates werc. Frequently, the results from these rather 
arbitrary estimatiun techniques were only inadequately 
resolved by “expericnce factors” derived after a period of 
mining when the true block grades did not correspond with 
expectations. 

The essence of ny good estimation procedure is not simply 
to produce + number for a bluck grade —0.8% copper, for 
example — but ilsu to give some indication of the amount by 
which the truc grade may vary from this estimate. Because 
the more arbitrary estimation procedures fail in this regard, 
it should be nu surprise when estimates based on these 
procedures fail to coincide with reality. Without some meas- 


‘ure of the sccuracy of un estimate, the estimate itself is of 


doubtful valuc. 


In geostatistics, on the other hand.’a theory of estimation 


has been deveiuped that provides this. nccessury measure of 
the accurucy of an estimate. 


Whenever an estunate Z? of a block of volume v whose 
(ruc valuc is 7, 1s made, an error 7, — Z is commiticd. It is, 
of Coursc, imipussible to know this error. If it were possible, 
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there would be no estimation problems, as addition of the 
error and the cstimatc would give the true value: 


(Ze 7°} 42) eee. 


In reality, there will be a distribution of the errors 
associated with the estimation of blocks over the deposit. 
Geostatistical theory shows that the variance of this distribu- 
tion can be calculated in terms of the semivariogram. The 
variance of the distribution, whose mean value is usually 
forced to zero to avoid bias in the estimates, is a measure of 
the spread of the error distribution and thus gives an idea of 
the efficiency of the estimate. A large estimation variance 
relative to the estimate implies a poor estimate. The probubil- 
ity of such an estimate being far from reality is high. 
Converscly, a low estimation variance indicates an estimatc 
close to reality. Frequently, a normal distribution is assumed 
for the error distribution, and standard confidence intervals 
are then defined for the block values. 

All the previously mentioned estimation techniques usc 
weighted averages of sample valucs for the block value: 
Ze _=_SAiZ(S\). where A; is the weighting cocfficient asso- 
ciated with sample S; whose value is Z(S,). For the polygonal 
method, there is only the central sample. and Z, = Z(5;): for 
the inverse distance methods, the A; are determined by the 
distance of the samples for the block. For a given block and 
data configuration, there is a sct of weighting cocfficients 
that minimizes the estimation variance and so produces block 
values defined within the smallest possible confidence inter- 
val. The procedurc for finding this sct_of A, that gives the best 


lincar_ unbiased estimator is knawtas kriging. 


For many mining engineers, the mathematical notations 
associsied with the geostatistical theory of estimation sccm 
excecdingly complex. Multiple intcgritls are common and, on 
encountcring these, the reader oftcn tends to give up any 
attempt to understand the theury. Furthermore. almost all 
kriging calculations are performed by computer. which is 
also a difficulty for some enginecrs. 

Nevertheless, if is truc that for certain stmple geometrical 
arrangements of data and blocks, hand calculations can be 
done using a sct of geostatistical tables in which some 
multiple integrals are evaluated. Certainly. a hand csleula- 
tion brings out the essence of the method more clearly than a 
computer printout. The next section considers the steps of the 
kriging procedurc. An illustration of the method then folluws 
Calculation of the estimation variance associated with the 
kriging, polygonal, inverse distance, and inverse distance 
squarcd methods applicd to the estimation of a tabular 
deposit will serve as 3 comparison of the various techniques 
and will also illustrate the effects on the estimation of the 
spatial variability of the data as measured dy the scnuvario- 
gram. 


ESTIMATION VARIANCE AND KRIGING 


Geostatistical estimation requires knowledge not only of 
the sample values Z(.5,) but also the senuvaniogram 4(A), 
which deseribe the spatial variability of the sampla, Wheth- 
cr this semuvariogram 1s isotropic or shows preferential 
directions of variability is of no account in developing the 
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estimation theory. The only requirements are that the blocks 
10 be estimatcd lie within the neighborhood for which the 
semivariogram has been calculated, that enough samples be 
included to allow the experimental semivariogram to give a 
reliable picture of the variability in the neighborhood, and 
that the neighborhood be of homogencous mincralization 
with no distinct trends in the data values. (The latter 
condition is the so-called quasistationary hypothesis 
mentioned in the previous article in this series.) 

-A deposit can often be divided into sections in which the 
above cunditions apply. The blocks of cach neighborhood ure 
Athen kriged using their corresponding scmivariogram. 

If there is a trend in the mineralization at the scale of the 
size of the blocks, the situation is said to be nonstationary, 
and extensions of the kriging procedure must be applied. The 
literature covers this procedure under the heading “universal 


kriging.” In this article, however, it is assumed that the: 


conditions that apply will allow simple kriging. The positions 
of the block to be estimated and of the samples uscd in the 


estimation arc incorporated into the kriging procedure. Ifthe . 


data are not on a regular grid, the block-data configuration 
will differ for cach block of the deposit, and a strict kriging of 
the depusit, block by block, often will be impractical. An 
approximation technique known as random kriging has been 
developed to deal with such cases. (It will be discussed in a 
subsequent article in this series.) 

The variance of the error associated with estimating blocks 
of truc, unknown grade Z, by a weighicd average of m sample 
values: 


n 
Z? = IAZ(S), 


i=l 


is written in terms of the semivariogram as 


n non 
o2 = 2Ir(S,.¥) — H(v.v) —ZL LT AAsH(S,S) (1) 


The expression 7(S;.") may be explained as follows: 
Suppose there ure two puints, one somewhere in the block v 


and one somewhere within the sample S; (Fig. la). The .. 


distance between these two points and their relative oricnta- 
tion can be expressed as a vector fh. The semivariogram 7(A) 
can be evaluated between these two points. Now suppose that 
these two points are just one possible puiring of all points 
inside v with all points inside S,. Euch of these possible 
psirings has a value for y. If all of these values of y are added 
togcther and averaged, the result obtained will be (in some 
sense) the “average semivariogrum between the sample S, 
and the volume v to be estimated. That is, 7(S,.v) represents 
the average semivariogram between the whole of sample S, 
and the whole of the block v. It can casily be seen that ¥ 


~ depends nut only on the distance between the centers of the 


volumes bul also on their size and geometrical shape —the 
reason fur the new notation. In mathematical terms, this is 
expressed ay 3 multiple intceral of the scnuvariogram, but 
since in any given situation S, and v have known gcometry, 
and since the semivariogram is known, the integral can be 
evalusicd. It is nothing more than a simple arithmetic 
number. (Later, it will be scen how definition of a few special 
geometries of sample and volume und calculation of the 
associated 7(S5,.") lead to a set of tables that are uscful in 
evaluating other gcomictrics.) 

In the same way, ¥(S,,5,) is the average semivariogram 
betwcen all puirs of points, where one puint is in sample S; 
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Fig. 1—Significance of the terms in equation 1 
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and the other in sample S, (Fig. 1b). Notice that the third 
term in Eq. | comprises all possible (S,.S,) combinations, 
including 7(S;.5,). This term will not be zero unless the 
samples arc simple points, since this is the average between 
all pairs of points inside S,. In fost, 7(S,,S,) reflects the 
differences, and hence the variability, of the grades of puints 
within S,, und relates directly to the “regularization” 


discussed in the previous article. Similarly, 7(0.¥) is simply | 


the average of the semivuriogram between all pairs of puints 
inside volume v (Fig. Ic). Again it must be stressed that in 
any given situation these arc simple arithmetic numbers. 

Examination of Ey. | immediatcly shows that it incorpo 
raics the various factors that should be heeded in any 
estimation: 

1) The variability structure of the mineralization: all of 
the terms involve 7. 

2) The rclative geometrical relationship between samples 
and block: 


n 
>} My(S,.¥) 
f=! 


3) The geometry of the block to be estimated: (¥,¥). 
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4) The configuration of the samples: 


A 
p 


AA; ¥(Sp5) 


wa 


~ 


The reader can observe how adjustment of any of the last 
three factors changes the estimation variance to give better 
or worse estimates in accord with results observed in prac- 
tice. 

Eg. | involves only the sample configuration, not the 
sample values. Thus. the effect of a future drilling campaign 
on the accuracy of the subsequent estimates can be deter- 
mined prior to drilling. and the gain in accuracy can be 
balanced against the cost of obtaining the information. 

Because the terms ¥(S;.5,). ¥(v.v), and ¥(Si.v) are all 
simply numbers, for a given data and block configuration the 
estimation variance is just a function of the weights asso- 
ciated with cach of the samples S,. Thus, any estimation 
procedure (that is. any method of selecting the weights Aj) 
has an associsted estimation variance given by Eq. |. Various 
procedures can therefore be ranked in order of efficiency 
according to the values of the associated estimation vari- 
ances. with the better techniques corresponding to the lower 
valucs. 

In a large number of similar. estimations, the estimate will 
sometimes be tvo large and*sumctimes too small, but on 
average the error should be zeru, assuring an unbiased 
estimator. The nonbias condition is expressed mathematical- 
ly by stating that the sum of the weighting cocfficients is 
unily: 


n « 
= 


The condition is applied in the polygonal, inverse distance, 
and inverse distance squared methods as well as in kriging. 
The special property of kriging is that it selects the sect of 
cocfficients that, subject to Eq. 2, minimize the estimation 
variance and so produce the best lincur estimator. 

This minimization is brought about by solving a set of 
linear equations, which for two samples S, and S; (as in the 
practical cxumple detailed below) is: 


FS SWAy + FSySe)Avs + ps 


= ¥(S,,v) 
YS25 Var + Y(SpS)A, + pw = ¥HSz,¥) 
i+ A; = 1 (3) 


Recalling that the ¥ are just numbers, it can be seen that 
there are three equations in three unknowns, A,, Az, and w. the 
latter being an unknown constant introduced in the minimi- 
7ation process. There is no difficulty in solving such a small 
System of equations by hand, and using the values for A), Ap. 
and yw. the minimum estimation variance can be obtained 
from) the formula: 


fn 
c2 =I AFS) + wp — Hv) (4) 


s=1 


(In the event of a larger number of # samples S,, then + | 
equations in + | unknowns, Ay, Ap, ... Ae. pe. Which are an 


immediate generalization of the sct (3), are solved by 
computcr.) 
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Fig. 2—Geometry of example cited In text 
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PRACTICAL EHAMPLE 


Suppose that a horizontal tubular deposit is sampled by 
vertical drillholes located on a regular grid. In such a 
situation, the valuation can often be reduced to a two- 
dimensional problem, where the variables considered are 
accumulations (average grade over the mineralized thickness, 
times thickness), and the spatial variability of such variables 
is studied in the horizontal plane. For the purpuscs of thi: 
exercise, the tabular body will be evaluated using square 
blocks of side d, which will be estimated with five samples. Z, 
is at the center of the block, and Z;, Z), Zs. and Zs are at the 
centcrs of the adjoining blocks, as shown in Fig. 2. 

The semivariogram of the deposit will be assumed to be 
isotropic and of the spherical type, with a range a = Qu, 
nugeet cffect C, = O.andsill CQ + Cal. | 

Because of the symmetry of samples Z), Z). Za. and Z; and 
because the semivariogram shows the same variability in all 
directions, cach of these four samples will reccive the same 
weight. This fact (which can casily be demonstraicd by - 
writing down the 6 x 6 kriging system, treating cach of the 
samples separately) allows these samples to be grouped 
together to form the information set S;. The estimate for the 
block will then be: 


Zr = Ay 2(S1) + Az Z(S2) 


where 
Z(S1) = Zy 
Z(S;) = 0.25 (Z; + 2) + Zs + £5).3 the valuc 


associated with 
the grouped set. 


Now, since there are only two coefficients, A, and A). it 
follows from the nonbias condition (2) that A, + 1 —A,, so 
that the kriging system of equations can be written: 


WSieSi) Ay + F(Si.S2) (lL = A) + we FSi.) 


(52.51) Ar + FS. Sa) (= Ay) + wo = F(S20) 
Subtraction of the first of these from the second climinates yw 
and gives: 


H(S,.v) — WS,.v) + (5,55) — FS,.52) 


A, = 27(5,.5,) —_ ¥(5,,5,) = (53,53) 


(5) 
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Thus. all that remains is to evaluate the 7, the coefficients 
of the equations. The terms on the left hand side of the 
equations involve only the sample sets S, and S; and are: 


¥(5S1. $1) = 0 


¥(S1.S2) = F(S2.51) = y(d) = 0.688 
¥(S2.S2) = 0.25(2y(dv2) + y(2d)] = 0.692 


these results being obtained from the formula for the spheri- 
cal semivariogram. 

The terms 7(5;.v) and ¥(S.v) can be written in terms of a 
so-called auxiliary function, which is defined for a particular 
geometry of block and sample thus: H(m,n) is the average 
value of y(h) when one end of the vector A is fixed at A, one 
corner of the rectangle ABCD, and the other covers the area 
mn of the rectangle (sce Fig. 3). This function can be 
tabulated for any spherical model,! but it is usual to refer toa 
standardized table that can be converted to the requircd sill 
and range of influcnce. 


In a spherical modcl, all distances are expressed as being 


relative to the range of influcnce a. This micans that the value 
of H(n1.n), for example, for a model with range a, is the same 
as the value of H(n1/a. n/a) for a model with range 1. Thus, a 
table with range | covers all spherical models. Similarly, in 
these tables the sill is set to 1. To obtain values for a sill C, 
simply multiply the tabled value by C. Table | shows a 
selection of H(n1.n) values for a spherical model with a = C 
= 1. 

To return to the example above, it can be shown that the 
term ¥(5;.v) is equal to H(0.5d, 0.Sd) where d = a + 2. The 
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Table 1—H(m,n) for spherical model, 
a Gi 





i tS im Ss 
8 0.08 0.15 0.25 6.30 
0.05 0.057 0.123 0.193 0.364 
0.15 0.123 0.171 0.231 0.389 
0.25 0.193 0.231 0.282 0.425 
0.50 0.364 0.389 0.425 0.535 
0.75 0.513 0.531 0.558 0.644 
1.00 0.628 0.642 0.662 0.728 
1.50 0.752 0.761 0.775 0.819 





term that is required is therefore H(0.2Sa, 0.25a) with the 
range a, or H(0.25, 0.25) with range 1. From Table 1, m = 
0.25 and n = 0.25 gives a value for H of 0.282. Therefore, 
H(0.Sd, 0.5d) is 0.282C. Since C in this example is 1, the 
value substituted in the kriging equations is 0.282. Similarly, 


. ¥(S3,v) can be shown to be: . 


(Sv) = 1.SH(1.5d, 0.5d) — 0.5H(0.5d, 0.5d) 
= 1.5H(0.75Sa, 0.25a) — 0.5H(0.25a, 0.252) 
m= 1.5 x 0.558 — 0.5 x 0.282. 
= 0.696 - 

In the same way, tables of F(m1n)—the average value of 
(A) as both ends of vector A independently cover ABCD, or 
F(m.n) = 7(ABCD, ABCD) —are avauable. These are needed 
to calculate the term 7(v.v), which occurs in the kriging 
variance (4). In this case, 7(v.v) = F(d.d) = 0.376. 

Now that all of the constants of the system of equations 
have been calculated, the solution is obtained by substitution 
in (5) to get Ay; then, using this and substituting back into (3) 
and (4), the full solution with kriging variance is seen to 
be: 

A, = 0.600, Az = 0.400, o } = 0.079 
Thus, for optimal estirnation, the central sample should 
receive about six times the weight of ‘each individual external 
_sample: 
Z* = 0.6Z, + 0.1 (Z: + Z3 + Zs + Zs) 


To demonstrate how much better this kriging solution is 
than that produced by the polygonal method, which gives all 
the weight to the central sample, Eq. | for the estimation 
variance is evaluated with A, = 1. In this case, of = 0.188, 
which is almost 2/2 times the value obtained by kriging. 
Confidence intervals for the polygonal method would be 
more than 50% wider than those for kriging. 

For inverse distance weighting, it is assumed the sample S; 
is at a distance dv2 + 4 from the block, this being a quarter 
of the diagonal of the square, and the other samples at a 
distance d. Satisfying the nonbias condition and these relative 
magnitudes gives: 


A = 0.414, Az = 0.586 
which on substitution in (1) yield of = 0.102. 
The inverse distance squared method yields these results: 


A, = 0.667, Az = 0.333, of = 0.082 
_ Thus in this case, where the mineralization ts continuous 


(nugget effect = 0), and for this block and data configura-. 


tion, the inverse distance squared method is almost optimal 
and the inverse distance method not much worse. Certainly, 
if the weighting coefficients of a given technique vary little 
from the optimal kriging weights, the corresponding estima- 
tion variance will be near the kriging variance. However, this 
can only be determined by a geostatistical study. 

To illustrate the effects of changes in the variability of the 


orebody on the estimation variance, the same calculations 


have been repeated for different spherical semivariograms. 
All variograms are kept at the same sill value. C, + C = |, 
but the relative nugget effect C./C and the range a are 
altered. For each of the three rangesa = d,a = 2d,anda = 
10d, the nugget effect C, is taken as O and 0.5. Finally, a pure 
nugget effect with C, = | is studied. Fig. + shows the two 
semivariograms studied for a particular range and that of the 
pure nugget effect. These reflect mineralization that passes 
from quite continuous to very erratic. The results are given in 
Table 2, the parameter R = o¢ / o% being the ratio of the 
normal confidence interval of the particular technique to that 
for kriging. 

Examination of Table 2 shows that the kriging weights 
change according to the semivariogram of the deposit, where- 
as the weights in the other. methods are determined once and 
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for all by the relative geometry of the samples and the block. 
In kriging, for a given range, the weight given the well-placed 
internal sample is always highest when the nugget effect is 
least: in generally continuous mineralization, the best-placed 
sample gets the most weight. As the nugget effect rises, 
mineralization becomes more erratic, and the placement of 
the samples becomes less important until, in the limit of a 
pure nugget effect, each sample finally receives the samc 
weight. As the range increases, the external samples general- 
ly begin to appear better placed relative to the block and so 
receive more weight at the expense of the central sample. 
(The exception to this statement is the case of continuous 
mineralization, C. = 0, and range equal to the block side, 
a = d, demonstrating the importance of the size of the block 
relative to the range and preventing absolute generalizations 
on the effect of increasing range.) 

From this range of variograms and with this particular 
sample and block geometry, it is seen that the inverse 
distance squared method. which heavily weights the central 
sample relative to the external samples, is very nearly as good 
as kriging in situations where the mincralization is contin- 
uous. However, as the mineralization becomes more erratic, 
this estimator becomes increasingly less effective than krig- 
ing. until in the case of a pure nugget effect, the standard 
confidence interval is over 50% larger than for kriging. 

On the other hand, the inverse distance method is almost 
as efficient as kriging over the whole range of semivario- 
grams studicd, while the polygonal method is inefficient 
relative to kriging. 

Examples can be cited for which the inverse distance 
estimator is much worse than kriging. Indeed, for a highly 
anisotropic deposit, blind application of the inverse distance 
method would Icad to inefficient estimates. Furthermore, a 
change in the data configuration relative to the block or a 
simple change in the number of samples used in the estimate 
can change the efficiency of the estimation technique relative 
to kriging. To illustrate this, consider the same block, d x d, 
situated with its center at a grid point of a grid 2d x 2d, and 
again let the central sample and the four nearest neighbors 
be uscd in the estimation. The results for a spherical vario- 
gram with parameters C, = 0.5,C = 0.5, anda = 10d are 
given in Table 3. 


Fig. 4—Semivariograms 









No nugget effect 


Note that in the first situation, one set of kriging weights 
could be used for all the blocks of the depusit, since — 
ignoring blocks on the boundary—the block data configura- 
tion is repeated throughout. Here, however, there are three 
different configurations, when one considers all the blocks of 
size dx d estimated from a 2d x 2d data grid. Thus, two other 
kriging systems, in addition to the one solved above, need to 
be solved. 

As noted earlier, the weights in inverse distance and 
inverse distance squared methods are determined by the 
geometry of the samples relative to the block and are 
independent of the variogram. Additionally, these weights 
are determined without regard to the relative position of the 
samples, one to another. ; 

Suppose that in Fig. 2 the four external samples were in { 
different positions relative to one another but not to the © 
block, as in Fig. 5. Inverse distance gives the same weights to 
samples 2 and 5 and a very slightly smaller weight to each of 
samples 3 and 4 (see Table 4). However, the kriging system 
considers the actual “information” content of each sample. 
Samples 3 and 4 are so close together (d/2 units) that they 
each give information about essentially the same area. Thus, 
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Table 2—Comparison of estimation techniques for various spherical semivariograms 
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Wueget 
eXect Range Kriging Pelygone! Inverse. distance inverse Golance severed 
“ ae on 2 
» ? emnexpy AG fe R My »? z R dy » 86“ R 
oe a E d 0.541 0459 O144 1 0 0.407 1.68 0.416 0.586 0.164 1.07 0667 0.333 0.164 1.07 
e=0 8 oe 2d 0600 0.400 0.079 1 O 0.188 1.85 0.414 0.586 0.102 1.14 0667 0.333 0082 1.02 
e = 10d 0.573 0.427 0.015 1 O 0.037 1.57 0.414 0.586 0.018 1.10 0667 0.333 0.016 1.€3 
oe ld a = d 0370 0630 0.208 1 0 0.704 1.864 0414 0O$86 0.211 1.01 0667 0333 0318 124 
o— 8 s 20 0341 0659 O175 1 0 0.594 1.84 0.414 0.586 0.180 1.01 0.667 0333 0277 1.26 
e = 10d 0.233 0.767 0.115 1 O 0.818 2.12 0.414 0.586 0.138 1.09 0.667 0.333 0244 1.46 
C.=1 0.2 0.8 0.2 1 O 1.0 224 0.414 0.586 0.257 1.13 0667 0.333 0.472 1.864 


Table 3—Estimation of block d x d by two centered grids 


(fer @ ephericel semiveriogrom with C. = 0.5, ce 0.$,e8 = 10d) 


Ond Kriging Polygonal inverse distence Inverse distence squered 
2 2 2 2 
At d2 “n 1 dr “e a at Lv “e R dr py) “e R 
Oxo 0233 0767 O115~ 1 0 0.518 2.12 
; 3 0414 0886 0.138 1.09 0.667 O.333 C24é 1.46 
20x 2¢ 0.294 0706 0146 1 0 0.518 1.68 0586 0.414 0.210 1.20 0.889 0.111 0.410 1.68 
a SSS ED 
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the two samples combined should, by common sense, only 


have about the same weight as sample 2. From Table 4, one 
can see that the kriging system automatically takes this into 
account and produces what appears to be a more sensible set 
of weights. The weight assigned the two adjacent points is 
considerably less than that allotted to either of the two 
Outside the block. Also, the estimation variance shows that 
ignoring the relationship between the sample positions 
increases the confidence limit of the estimation by more than 
25%. 

The important point is that only with a geostatistical 
study, in which the variability of the ore is first characterized 
through the semivariogram, is it possible to make these 
calculations of estimation variance and so determine whether 
a specific estimation technique is satisfactory. In some 
instances, inverse distance and inverse distance squared 
methods might produce results close to those obtained by 
kriging, but.the kriging results might indicate such a large 
estimation variance that further drilling is necessary to better 
define the orebody. The economic consequences of such 
action must then be evaluated. This can be done prior to any 
drilling. since the estimation variance can be evaluated for 
any proposed drilling grid. 


THE KEY STEPS IN KRIGING 


The kriging method of geostatistical estimation can be 
summarized as follows: a 

1) Structural study to determine the semivariogram. 

2) Selection of samples to Le used in evaluating the 
block. 

- 3) Calculation of the 7 of the kriging system of equa- 
tions. 

4) Solution of the system of equations to get the optimal 
weighting coefficients. 

5) Use of these results to calculate the block estimate and 

“associated estimation variance. 

Certainly, this is a much more complex procedure than the 
application of a set of weighting coefficients of some arbi- 
trarily chosen alternative technique. However, much cffort 
has been devoted to developing computing systems for the 
kriging of orebodies which, from the point of view of costs, 
compete quite satisfactorily with other methods.? 

As already noted, kriging should be applicd only in 
homogencous “quasistationary” neighborhoods for which the 
semivariogram is well defined. Throughout the orebody these 
semivariograms may change markedly, and it is most unlike- 
ly also that the drilling configuration will be consistent over 
the whole deposit. These factors affect the estimation vari- 
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Fig. 5—Variation of geometry in Fig. 2 
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Table 4—Comparison between kriging and 
‘Inverse distance for block data configuration 
of Fig. 5 


(with a spherical semivariogram with C. = 0,8 © 2¢,C = 1) 











Weight 

Polat -——~" fav. dist Krigung 

1 0.418 0.682 

2 0.148 0.130 

3 0.143 0.044 

4 0.143 0.044 

5 0.148 0.130 

Est. Variance 0.152 0.098 





ance, so an arbitrarily chosen estimator that is good in one 
area may be inadequate in another. Nevertheless, kriging 
guarantees the best result from the available d313.am 
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THE VOLUME-VARIANCE | 
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RELATIONSHIP: 


A USEFUL TOO 





FOR MING PLANNING 


Dr. Harry Parker, chief geologist and geostatistician, 
Fluor Mining & Metals 


Knowledge of the amount and average grade of ore in a 
deposit is vital to the engineer who plans a mining operation, 
a metallurgical facility, or downstream fabrication plant. 
Because this knowledge cannot be obtained directly, infer- 
ences must be made about the distribution of ore within the 
deposit from samples obtained by sampling programs. Geo- 
statistical methods provide powerful insights into the predic- 
tion of average grade and tonnage. 

All mineral deposits ere made up of mixtures of ore and 
waste rock. Various mining methods may be employed to 
extract ore and waste, with varying degrees of efficiency. If a 
deposit is mined by hand, the miner can ensure a high degree 
of segregation of ore and waste material, resulting in a very 
high-grade, high-unit-cost product at a very low rate of 
production. On the other hand, if a deposit is mined using 
large draglines, bucket-wheel excavators, or power shovels, 
there may be little segregation of ore and waste, and a 
low-grade, low-unit-cost product will be produced at a high 
rate of production. 

Obviously. an optimum mining method exists for each 
deposit—a method that yields a product of required average 
grade for downstream processing at a reasonable cost and at 
a suitable rate of production. After a mining engineer has 
analyzed equipment and labor requirements, he can estimate 

costs and pace Ny and, using a geostatistical method 
known as th. volume-variance relationship, he can estimate 
average grade and tonnage that a given mining method will 
produce. Knowing the average grade and tonnage, he can use 
discounted cash flow analysis to select a mining method and 
production rate that maximize the net present worth or 
return on investment. The volume-variance relationship is 
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Fig. 1—A selectve mnnng unt 5 Composed of the agy egabon of sample suzed 
voaurnes, two of wmch are shown here. The vector h,, separates them. 





also useful for mining and metallurgical planners confronted 
with the problem of assessing the periodic variability of ore 
grades in a mining scheme. 


VOLUME-VARIANCE RELATIONSHIP 


Common to all mining methods is the notion of the 
selective mining unit—the smallest practical volume that can 
be classified as ore or waste. For a manual mining operation, 
this unit is obviously a muck-car load, while for a mecha- 
nized open-pit operation it might be an individual truck load 
or even an entire shift's production from a face. To estimate, 
ore reserves, an engineer must know the frequency distribu: \ 
tion of the selective mining units. 

For most mines, these data are not directly available. 
Samples are comprised of much smaller volumes, so the 
problem is to predict the frequency distribution of selective 
mining units by examining the distribution of appropriate 
samples. 

This is done by assuming that each selective mining unit is 
comprised of the aggregation of many sample-sized volumes 
(Fig. 1). Implicitly, the selective mining units will have the 
same average grade as the sample-sized volumes, without 
noting at this stage whether they are ore or waste. Schurtz! 
recognized that the variance of the frequency distribution—a 
parameter that measures the tendency of selective mining 
units to differ from the mean—will be large if the selective 
mining units are small in volume. Conversely, the variance 
will be small if the selective mining units are iarge in volume. 
Indeed, the variance vanishes if the selective mining unit is as 
large as the whole deposit. 

The inverse relationship between volume and vanance can 
be seen intuitively by observing that small selective mining 
units tend to be uniform in grade throughout—some units 
are all high grade and others all low grade. Thus, strong 
deviations from the mean may occur. For larger selective 
mining units, there tends to be a mixture of high and low 
grade material, and average grades tend to be nearer the 
average for the whole deposit. 


VARIANCE OF THE SMU 


The variance of selective mining units (smu) 1s found using a 
simple formula: 


Cine — Yo — Youn (1) 
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GRAPH OF "smu ~ Co 


Yo is the average value of the variogram function within the 
deposit and Yume is the average value of the variogram 
function within the selective mining unit. To compute these 
values, a vector must be drawn between all possible pairs of 
points lying within the deposit or the selective mining unit, 
respectively. For each pair, the variogram value is noted, and 
: the average of all of these is computed. In these computa- 
: tions, the vector between points A and B is not assumed to be 
the same as that between points B and A, even though the 
Mime?" 0gram values will be the same. Vectors of zero length, 
T 9 thas A A and B— B also must be included and 
. Signed a variogram value equivalent to the nugget effect. 
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Computation of the average variogram values is tedious if 
done by hand. Frequently the estimator assumes that Yo is 
equivalent to the variance of sample grades (or variogram sill 
and nugget effect), provided the range of the variogram is 
short compared with the dimensions of the deposit. To obtain 
Yume. Simple computer programs can be written that do the 
calculations for a representative number of points, usually 
50, either on a grid or scattered at random within a unit. 
David? discusses this process in more detail and provides a 
computer program for the purpose. If the grid approach is 
used, the grid should be defined so that the outermost points 
are half a grid spacing from the boundary of the selective 


oe 


o = Sie a mye! . 
2 Oe a re ee 0 oe ee ee 
‘ 5 SD 
oe Oe a pet a . 








7. FREQUENCY 
wo 





Ata 


Or Nw euns. @ 






FITTED NORMAL DISTRIBUTION 
MEAN : 1.75 
VARIANCE : 0.25 


0.15 0.35 0.55 0.75 0.9% 1.15 1.35 1.55 1.75 1.952.185 2.35 2.55 2.75 2.95 215 135 3553.75 
TONS !RON PER CUBIC METER 
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Fig. 3—Normal dstrbunon of samples for an won ore depost. 


mining unit (Clark?). 
David? provides charts to be used if the shape of the 
selective mining unit is simple and the variogram is of a 
standard type. One of these charts, reproduced in Fig. 2, is a 

graph of: 
Yvolume — C. 


C (2) 


where C, is the nugget effect, and C is the sill for a spherical 
variogram. For example, a block 15 m high, 15 m deep, and 
30 m long, with the range a of the variogram® equal to 60 m, 
has a graph value of 0.325, corresponding to h/a = 15/60 = 
0.25. I/a = 30/60 = 0.5. If Cis 0.8 and C, is 0.3, Yroteme = 
June has a value of 0.56. Now if the deposit has dimensions 
300 x 300 x 600 m. n/a is now $5.0, and //a is 10.0. Thus we 
obtain a graph value of 0.998, and Yeeme (= Yo) is now 
equal to 1.098, or practically equivalent to the sill plus 
nugeet effect of 1.10. The variance of selective mining unit 
grades is then Y— Yume 2 1.10 — 0.56 = 0.54. 


SMU FREQUENCY DISTRIBUTION 


Estimation of the frequency distribution of selective 
mining units requires statistical inference. For many mineral 
deposits, the sample grade distribution approximates a 
normal or lognormal distribution. If the sampling distribu- 





°David's chart assumes that the variogram is comprised of dimensionless 
“pont” samples This assumpoon is generally acceptable if sample dimen- 
sions are less than '/s of the corresponding dimension of the block. If sample 
dimensions are greater, the sample variogram must be transformed to that of 
8 pont sample using a process known as regularization (David! and Clark‘). 
Alternatively, one may use other charts. For instance, if the sample length is 
equivalent to the herght of the block, but the sample dimensions are small 
enough to be considered as a point in the horizontal dimension, Yun. may be 
found from another graph in David?. In complex cases, the computer method 
indicated above is preferred. 
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tion is normal, then the distribution of selective mining unit 
grades, which represent a linear combination of the grades 
sample-sized units within the selective mining units, must 
normal. Where the sampled grade distribution is lognorma. 
it cannot be proven that the distribution of selective mining 
units must also be lognormal; however, Switzer and Parker? 
and David? have shown that this is empirically true. 

For more complicated sampling distributions, Parker and 
Switzer® discuss a case having a mixed lognormal and normal 
population. In another approach, Marechal’* and Dagbert 
and David’ use functions that transform the sample histo- 
gram into a normal distribution, find the distribution of 
selective mining units for the normal variable. and then 
retransform to obtain the distribution of the selective mining 
units themselves. 

In the following paragraphs, two cases are discussed. The 
first involves a normal distribution and the second a lognor- 
mal distribution. 


Example 1—a normally distributed iron ore deposit 


Fig. 3 illustrates the normal distribution of sampies taken 
from an iron ore deposit, the variograms for which are shown 
in Fig. 4. Since the density of iron ore varies with grade, any 
averaging must include weighting by density, which is diff- 
cult since density is a nonlinear function of grade. Therefore 
the units that have been used are density-free tons of iron per 
cubic meter. The following formula adapted from Parker!® 
has been used for conversion: 


Tons Fe _ A p.peZ “e 
m? 100 (Ap. — 2 (pu — pe) 


where A = percentage of iron in ore mineral, in this cz:+ 
69.9% Fe in hematite; p, = density of ore mineral, in this 
case 5.26 gm/cc; p, = density of gangue minerals, in this 
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SAMPLE SEPARATION DISTANCE IN METERS 


Case 2.65 gm/ce; and Z = weight percent iron. 


Using W to represent tons per cubic meter in this exam- 
ple: 


974.342 
se SRM TAB: (3a) 


and, conversely: 
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Fig. 4—Vanogram tor tons of ron per cut meter. 
SS 


36767 
2 = 574.34 + 261W (3b) 


Table | shows the variances and cutoff grades for selective 
mining units that might typically be associated with opera- 
tions of various sizes. The variances were derived from a 
computer program employing the spherical models fitted to 
the variograms in Fig. 4. 
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Table 1—Geostatistical parameters for the iron ore example 
: Proportion i 
; Pro- of totel 
“portion Averege grates ibe @ 
: U of grade ained in — 
eect a cnt Roane Cutoff lennage above ore selec: rd vote 
rete size unit (m) Variance, grade,° above % Fe tive min- ad ; y Fate 
(tpa) (cum) length x widths helght ge % Fe cutofn cutofn Ing unite perton edility 
1.195 0.001 
Case 1 500 1.5 10x 5x 6 0.225 67.6 0.001 68.8 0.001 
Case 2 1,500 2.5 1$x 7x 9 0.217 55.0 0.103 57.9 0.132 2.952 0.303 
Case 3 10,000 4 20x 10x12 0.210 44.4 0.580 50.6 ig) 0.65 - 6.470 3.754 
Case 4 20,000 9 25x10x 12 0.209 43.0 0.631 §0.0 _ . 0.700 6.978 4.403 
Case 5 40,000 14 25x15x15 0.203 42.7 0.648 49.7 0.715 7.076 4.587 


*Cutehl grade selected for each case refiects order of magnituce economic studies. 









Assuming that the W values, or tons of iron per cubic 
meter, are normally distributed, then the mean of the deposit 
can be written as p tons per cubic meter and the standard 
deviation as o tons per cubic meter. The distribution of 
selective mining units will also be normal, with a mean of p 
tons per cubic meter and a variance of o2,,,/n tons per cubic 
meter, which can be read from the appropriate column in 
Table |. The usual procedure when dealing with a normal 
distribution is to convert to the so-called Standard Normal, 
for which tables are widely available. For any W value, the 
standardized normal valuc corresponding to it is found by 
computing: 








Ww—- 
x= = 
o 
for “point” samples, or 
we 
Ante = E 
Camu 


for selective mining units. Given a cutoff value expressed in 
tons per cubic meter (HW) and writing 
Wa 
x 
Oomu 


then the volume proportion ou: the deposit containing values 
above the cutoff is 


V.=1-O(X,) (4) 


where ( ) is the cumulative probability function for 3 
standard normal variable, which is available in most statistics 
tables and text books. 

The average value (tons per cubic meter) of the proportion 
of the deposit above cutoff is 
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NX) (5) 
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where f (.X;) is the height of the normal probability density 
curve at .X, and may be calculated by 


ia ] 1 
xX.) =—— —-—y: 
N(X,) aa exp ( x2) 


330 


The average grade, in %Fe by weight, can be found by 
setting W = W, in equation (3b). r 
yd a5 
a 367671V, | 
ee 7 6) | 
© 974.34 +-261W, ( 


The tonnage proportion of the deposit that is above cutoff « 
is given by 


deny 
see elas (7) 
Py 


where pe = 100 W/Z, is the average density of the ore above 
cutoff, and p, = 100u/Z, is the density of the whole 
deposit. ’ 

The proportion of metal in the deposit contained in the 
selective mining units is 





R= mais (S$) 
2. 
The difference between the average grade cf sciective 
mining units above the cutoff grade and the cutoff grace 38 
measure of the profitability per ton of procuction: 


E=2£,—Ze (9) 


Finally, a concept of total profitability over the cperaiing 
life is 


Ena EP (10) 


These variables are graphed as a function of cutoff grace 
in Figs. 5-9. It is important to observe that the curve based 
on samples is nearly identical to that based on sclective 
mining units. From Table 1, it is clear that the variince of 
selective mining units does not vary markedly with their size. 
hence, only the curve for case 3 (10,000 tpd) has been plotted 
on the graphs. The reason for this relative lack of variance 1s 
that many sedimentary iron ore deposits show strong 
continuity of grade on the scale of selective mining units, 
meaning that the range of the variogram is extremely large 
with respect to the block size. The averaging effect that 
should reduce the variance 1s therefore weak. 

Curves are also shown that relate cutoff grade to produc- 
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Fig. 5—Cutott grade vs. tonnage tor an ron ore deposit. 
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Fig. 6—Cutolt grade vs. average rade for an won ore depost. 
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Fig. 7—Cutott grade vs. metal recovery for an iron ore deposit. 
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Fig. 8B—Cutoh grace vs. prohtabaty per ton tor an won ore depos. 
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Table 2—Geostatistical parameters for the copper example 
ccc 





Proportion 
Pro- of total 
portion Average metal con- 
% { a of orede tained in 
Bawa sana Set tuaiee Cuton tonnage above ore selec- Profit. Tetal 
rote size unit (m) Variance, grede,° above % Cu tive mine ebility profit. 
(ip¢) (cum) length x widins height oe % Cu euton euton ing unite per ton ability 
ET 
Case 1 $00 2 10x Sx 6 0.356 1.64 0.042 2.58 0.214 0.936 0.039 
Case 2 1,500 3 1Six3 7ixt Sue 0.305 1.40 0.055 2.19 0.240 0.787 0.043 
Case 3 10,000 5 20x 10x12 0.259 0.49 0.346 0.97 0.672 0.482 0.167 
Case 4 20,000 15 25x10x12 0.242 0.36 0.495 0.80 - , 0.791 0.439 0.217 
Case 5 40,000 19 25x18x15 0.212 0.33 0.555 0.75 .. 0.822 


0.411 0.228 


*Cutefl grade selected for each case reflects order of magnitude econemic studies. ; 
eS I TE AL TELL DLL ALLL DLS 





tion rate and to selective mining unit size. A proposed mine 
must lie on these curves. The graphs indicate that an 
Operation with the lowest cutoff grade and highest produc- 
tion rate will recover the most metal and will be the most 
profitable, although once the mining rate reaches 10,000- 
15,000 tpd. a law of diminishing returns appears to apply. In 
the western hemisphere, current mining practice follows this 
premise, with nearly all open-pit iron mines producing more 
than 20,000 tpd and some more than 40,000 tpd. 


logarithms) is converted to the standard normal. For any 
grade Z, the standardized value is 


= In Z ane 
Acoma = ony ee 


for a specified cutoff 


E : é In Z. — Gum 
Some orebodies will not be large enough and in some areas x,.= —_ 
downstream demand at stcel mills will not be great enough to Boru 


justify the most efficient, high-production-rate operation. 
The graphs demonstrate that in such cases the largest 
possible operation will be the most profitable. 


Example 2—a lognormally distributed copper deposit 


The lognormal distribution of sample values representative 
of a disseminated copper deposit are shown in Fig. 10 and the 
variograms for the deposit in Fig. 11. The variances of 
selective mining units were determined using a computer 
program (Table 2). For this example, the density does not 
vary markedly over the range of the distribution; hence, 
transformation to density-free units is unnecessary. 

For a lognormal distribution, calculations are made using 


Since the density of the ore is assumed to be constant, the 
proportion of the deposit that is above cutoff is 


T.=1-—0(X,) (12) 
The average grade of this ore is 


© Za L[1- 00%. Pwd] (13) 


The proportion of total meta! that will be mined from ore 
units is 


the mean and standard deviation of the logarithms of the R= Zul 
grades, not the grades themselves. Writing u and o for the ei be fo 
mean ana standard deviation of the sample grades, then 
1 The profitability factor for mining is 
a=Inp—- fp? : Z 
E=Z.-Z, (15) 
2 
B?=In (= at ) 
aol Finally, the measure of total profitability is, as before 
where a and 8 are the mean and standard deviation of the tS a) OF | (16) 


logarithms of the grades. Assuming that the sciective mining 
units are also lognormally distributed, the mean yw will 
remain constant, but the standard deviation will become oyme. 
Therefore both a and 3 will change with block size. 


inne 
Qomu = In pe — = Bima 


Pine =' (Zz +1) . (11) 


Sichel" and Link, Koch, and Schuenemcyer!? provide 


tables for estimating these parameters if the number of 
samples 1s small. ‘ 


As in the previous example, the distribution (now of the 
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In Figs. 12-16, these variables are graphed as a function of 
cutoff grade for the cases listed in Table 2. Overlain is a 
curve for cutoff grade versus size of selective mining unit 
typically associated with a given production rate. 

In this example, the variance for selective mining units is 
significantly lower than the variance for samples, and predic- 
tions made on the curve for samples may be seriously in 
error. For instance, if the cutoff grade is 0.4% Cu, the 
samples predict 38% of the deposit will be ore, and the 
average grade will be 1.04% copper. However, at a 40.000- 
tpd production rate, the ore tonnage will be 46% of the 
deposit, and the average grade will be only 0.82% copper. 

The graphs indicate that while large-scale operations 
recover the greatest proportion of the total metal in the 


wird OCTOGLR 1979 








— 


2 HORIZONTAL 


QAVERTICAL 


VERTICAL 


HORI ZONAL 


20 30 





Co NUGGET EFFECT 


40 50 60 70 


SAMPLE SEPARATION DOISTANCE IN METERS 


deposits and have the greatest total profitability, profitability 
per ton is least for high production rates. Clearly, if down- 
stream demand for product is low, or if there are a large 
number of deposits available to satisfy the demand, high- 
cutoff-grade, low-production-rate operations will be most 
profitable in the short term. In the longer term, lower- 
cutoff-grade, higher-production-rate operations will recover 
more metal and have greater total profitability. 

Until recently, most mining companies have tended to 
follow the latter course. However, during the last five years, 
the costs of mine and metallurgical facilities have risen to the 
extent that profitability translated into net revenue is some- 
times incapable of repaying them within a reasonable time. 
AS a result, many new projects have scaled down production 
rates. 


EBM ocrToser 1579 


Tl rw eee 





Fig. 11—Vanogam tor percent copper. 





More sophisticated analysis requires construction of 
multidimensional economic models, employing grade- 
tonnage curves for each production rate. Then, a calculation 
of net present worth or return on investment as a function of 
grade, tonnage, production rate, metal price, and percent- 
loan financing can be made. The values of these parameters 
that maximize net present worth or return on investment can 
then be determined and project development planned accord- 
ingly. A recent case study was presented by Recny."? 

The previous discussion has assumed that the mineralized 
area, here called the “depasit,”” does not change shape from 
case to case. Examples would be deposits where ore is 
roughly equally accessible to extraction, regardless of cutoff 
grade, such as near-surface deposits of uranium, bauxite, or 
nickel laterite and many underground deposits. For deposits 
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Fig. 12—Cutot grade vs. tonnage for a copper cepost. 


with zoned mineralization and/or deep overburden, such as 


deposit that is considerably smaller than the deposit as a 





porphyry coppers, the frequency distribution and variogram 
must be calculated for each case to reflect only those samples 
lying within a proposed mining area. ° 


EXTENDING THE V-V RELATIONSHIP 


In production planning, it is often necessary to predict the 


variability of selective mining units within an.area of_a 
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whole. For instance, we may wish to know the variability of 
daily production units within a month's time. The variance in 
mill feec grades over a month's time is 


Ce sillape = Yrohume ai We dia ( 17) 


month's 
production 
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The calculation of ¥,, is made by averaging the variogram 
values for vectors between points i constrained to be in 
yesterday's unit and points » in todays unit. Usually, this 
calculation is done by a simple computer program, calculat- 
ing the variogram values between about 50 points within 
each unit respectively. For the case under considcration, the 
variance of differences between days is 0.62, and the corre- 
sponding standard deviation is 0.78. 


CONCLUSION 


The volume-variance relationship implies that for cach 
mining method there exists a unique frequency distribution 
of selective mining units. Using this distribution, average 
grade and tonnage of ore for various cutoff grades can be 
predicted and, in turn, an economic analysis can determine a 
suitable mining method and cutoff grade. 

The relationship can be used to predict the variability of 
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MINE PLANNING 


A.G. Journel, associate professor, Stanford University 


A serious challenge facing the mincral industry in the next 
decade will be ore production from new marginal deposits. 
Lower average grades require greater ratcs of production, 
more sophisticatcd milling technigucs, and larger invest- 
ments. Investors will therefore require greater accuracy in 
the prediction of total tonnage and grades from sample data. 
Simultancously, a reduction in the maximum error limits 
designed into the mining and processing facilitics will be 
necessary for the marginal deposits to be put into produc- 
tion. 

The recently developed technique of “Conditienal Simula- 
tions” provides numerical models of any deposit. Just as one 
may use aircraft models in a wind tunncl to simulate flight 
performance, deposit models may be uscd to test the efficien- 
cy of any planned survey or mining procedure as well as their 
robustness with respect to the various unknowns about the 
real deposit. The mining plan can then be better adapted, or 
the need for additional information may be specified. Opti- 
mization of these simulation methods and development of 
their full potential in mine planning represent an exciting 
opportunity for the next decade. 


Kriged map (mm of rain) @ Rain gauge 


Fig. 1—Estenation O of a particular ramtorm O The precipitation levels 
Corresponang to one ramstorm in the desert bos of Kadjemeur, Chad, have 
been recorded al various gauge locations.-A Imear model, fitted to the 
Correspondng experimental Semivariogam 4(h), charactenzes the spatial 
variabaity of Ine phenomenon The model has been used to estenate (by 
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COMPENSATING FOR THE UNKNOWN 


During the past decade, the capital investment required to 
bring new ore deposits into production has risen sharply. In 
countrics with favorable political and fiscal environments, 
new deposits are characterized by lower average grades and 
more stringent economic limits for mining and milling. New 
projects bascd on these deposits do not have a 10% or 20% 


* margin for error, as was the case in the past. Also, inflation 


in capital investments requires robust planning. t.e. the 
calculated economic feasibility should be maximally indepen- 
dent of the uncertainty inherent in unknown factors. The 
unknowns are numerous: political and social conditions, 
Stability of the market, and quantity and quality of the ore 
that the future mine will cffectively recover. 

Unknowns about the ore itself are particularly impor- 
tant—there is a sizeable list of recently started operations 
that are running into critical problems because recovered 
grades and tonnages were inaccurately forecasted in the 
feasibility studies. It is therefore very important to analyze 
the sensitivity of the principal production figures to the 


Linear mocel 


10 km 


Source. Delhomme and Celfiner, 1973 


hrigeng) the unknown prec@tation tevets at each node of a dense gd These 
estimates are used to draw the contour mao of 0. As an example more reited 
to runing, the maps of Fs. 1 and 2 coud nave been presented as sopach 
maps. The vanable under study would then be the ireckness of a seam. 
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Fig. 2—Three simuated rainstorms D,, D,, Dy. The 
three sumnutations show the same hnear model char- 
acteristic of the spatial variabibty measured on the 
real precortaton map (Fig. 1). Simulated values of 
preapitanon levels equal the real values recorded at 
those locabons tor whuch data are avadable. Because 
of the lack of real data, the three simulations can 
Orler comsaderably at the ngnt trp of the basin. If more 
than tnree ranmstorms were sumulated and then the 
data were averaged together, the resulting average 
mao would be identica to the knged map in Fig. 1. 
Note that the tnree maps show a degee of variability 
over short distances that rs not present in the esu- 
mated map 0 Kngng can thus be seen to “smooth” 
the spahai variatuity of reabty D. 


unknown parameters before deciding on a project. Such 
SENSilivity analysis with regard to the market of the metal is 
usually done, but this is not enough. Other major unknowns 
include tonnages and gradcs. 

Even if the data and the estimation procedures used are 
good, estimates will depart somewhat from rcality. These 
departures may be characterized through the conccpt of 
estimation variance provided by geostatistics. However, esti- 
mation variance is merely a number, and it does not express 
well the consequences of a given departure on the various 
links of the project. Simulation provides a better picture. 

Let's start with a simple example: The average grade of a 
particular block is estimated to be 1% Cu with a standard 
deviation of estimation ¢ = 0.2% Cu. Assuming a normal 
distribution for the error, the true grade Z of the block is 
normally distributed around the estimator Z = 1%, with a 
standard deviation ¢ = 0.2. Simulation of a normal random 
variable with mean Z and variance o? will provide a series of 
“possible” values for Z, say Z, = 0.7, Z; = 0.95, Z) = 1.2. 
Any of the previous three (or morc) simulated values can be 
the true valuc of Z. Hence a plan for mining out that block 
should consider not only the estimator Z, which is the mean 


of all “possible” values, but also the possibility of having ° 


cither Z,. Z;, or Z). In other words, the economic viability of 
the project should be robust with regard to the unknown 
grade Z. , 

Andther example: An estimated image D can be built of 
the whole deposit D. Usually this image consists of a number 
of estimated maps. sections, tonnage-grade curves, etc. Simu- 
lations of the deposit consist of a serics of other “possible” 
images D,. D;, Dy, etc. If these simulatcd images are all 
equally probable, then any one of them could match the 
reality D, thus, the planned mining project should be efficient 
not only for D but also for Dy, D;, Dy, etc. 

It should be noted that the greatcr the quantity of avail- 
able information, the smaller will be the discrepancies 
between the various simulatcd images: by extension, if the 
information were perfect (i.c. an infinite amount of accurate 
data), all images would be identical and cqual to the reality: 
D, = D, = Dy = — = D =D. Hence, a sensitivity analysis 
will consist of applying the planned project to the various 
simulated deposits D,, D;, Dj, etc., and testing its efficiency 
and robustness in each case. If the project: works well on all 
simulated deposits, then investments can proceed safely. If 
not, either some parameters of the project should be modified 
lo allow for a greater robustness, or additional information 
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should be specified in order to reduce the discrepancies 
between possible simulated images. 


MODEUNG AND SIMULATING 


A model, both deterministic and probabilistic. of a deposit 
can be built based on the detailed geological survey and the 
geostatistical analyses of available numerical data (grades, 
thicknesses, densities, etc.). The probabilistic technique of 
Conditional Simulations, extensively described in Journel 
(1974) and Journel and Huijbregts (1978), then provides 
several “possible” realizations or images of that initial model. 
Each such image represents a simulated deposit D, similar to 
the real deposit D. The simulation will exhibit the same 
geological and geostatistical features, and simulated valucs 
(grades, thicknesses, etc.) will equal the real data values at 
those locations where real data have been obtained (sce Fig. 
2). These simulated deposits are almost “perfectly known,” 
in this case through knowledge of a very dense data grid (5 x 
5 m), whereas the real deposit D may only be surveyed on a 
widely spaced grid (100 x 100 m) with some information 
available at small spacing (e.g. through a cross of holes at 
5-m spacing). 

Ina way, constructing a simulation consists of filling in the 
nodes of a dense grid with simulated data consistent with the 
spatial continuity of the few real data available. Estimation D 
also consists of such a filling-in operation, but the estimated 
data do not generally fulfill the consistency requirement: the 
estimated map D in Fig. | appears as a smoothed image of 
reality D, which could be any onc of the three simulations J,, 
D);, or Dy in Fig. 2. 

On each of the simulated and almost perfectly known 
deposits D,, it is possible to perform a simulation of the 
planned chain of production, including mining, hauling, 
blending, mill feeding, and economic analyses. Such simula- 
Lions allow advance control of the planned projcct in terms of 
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CORRECTIONS 

The following are corrections for Dr. H. Parker's 
paper, “The Volume-Variance Relationship,” pre- 
sented as Geostatistics Part 5 in the October 1979 
issue of E&MJ: 

® Page 110, line 6—The test indicates a variance of 
Ofme/N. The correct term is simply o;me- 

® Page 110, bottom left—The equation should read: 


l lores 
a x compe) omen 
Tae oF ( rx: ) 


® Page 120, bottom right—The equation should 
read: 


K(X.) = 


ousV 
or 0.44/2 


2 


® Page 123, top left—The equation should read: 


—yot+ Yu) 


‘Pravuction 


(er = 2(o> 
datie Wally 
*“Avetuation 


In Dr. |. Clark's paper, “The Semivariogram— Part 
1,” published in the July 1979 issue of E&MJ, the 
equation at the bottom left part of p 92 should read: 


1 


9 he TNoDp (21 — 2140)? 





both efficiency and robustness with regard to the various 
“possible” deposits D,. If this robustness is deemed either 
insufficient or too costly, then the study's conclusion may be 
that more information (e.g. more drillholes or more pilot 
tests on bulk samples) is required to better focus the project. 
Once this information is obtained, the model of the deposit is 
refined before new simulations are performed. 


RANGE OF APPUCATIONS 


Although its development has been quite recent, the 
technique of Conditional Simulations has had numerous 
applications ranging from exploration to production plan- 
ning. Examples include: 

1) A study of the number and possible spatial arrange- 
ments of geochemical anomalics in a given province, and 
their survey, cf. Dagbert (1978). The variables simulated are 
continuous concentrations of major elements in 3 pluton. 

2) Studies of the sampling level necessary for any given 
objective, cf. Sandefur and Grant (1936), Parker (1978). 
Sampling grids of various sizes and Origins were applied to a 
simulated map. The evolution and variance of the error of 
estimation of the mineralized area were then Studied, result- 
ing in guidelines for the sequentid! exploration of a real 
deposit. Sandefur and Grant did not actually derive a 
simulation since they had available very Closely spaced 
drillings On existing propertics in the Shirley Basin of Wyom- 
ing. An important point that these studies highlight is that 
the use of geostatistics permits preliminary evaluation of the 
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potential mineadle reserves in an orebody with much less 
drilling than is currently practiced in much of the uranium 
industry. 

3) Studies of the sensitivity of resource-reserve estimates 
to different estimation procedures (including kriging) 
currently used in the mining industry, cf. Dowd and David 
(1975), Marechal (1975), and Bernuy and Journel (1977). 
From a given set of original data, different estimation 
procedures could lead to quite different estimates. It is thus 
very important for the investor to check using simulation 
such theoretical assertions -as “Kriging provides the best 
linear estimate.” When the deposit is already in production, 
the check can be made using real data from already mined 
slopes, cf. the case study of Chuquicamata by Ugarte (1972), 
which is extensively quoted in Journel and Huijbregts 
(1978). 

4) Studies detailing the sensitivity of the recovery of in-situ 
geological resources to various parameters, including: 
® Size of the selective mining unit, cf. Switzer and Parker 
(1975). The choice of a given size of mining unit creates 
restrictions on the choice of the mining method. 
® Amount of future information (e.g. number of blastholes) 
available at the instant of selection, cf. Bernuy and Journel 
(1977). The real future information is not yet available but 
can be simulated. 
® Clustering of rich and poor patches of ore, cf. Rebollo 
(1977) and Deraisme (1978.) An isolated rich block may not 
be recovered because waste intercalated with the rich ore will 
represent a dilution. The concept of cutoff grade does not by 
itself take that dilution into account; however, simulation of 
the spatial pattern of ore vs. waste allows prediction of the 
dilution factor. 
® Contact dilution at hangingwall and footwall, ef. H. 
Parker (personal communication). 

5) Selection of mining method, equipment size, and type of 
haulage, cf. Clark and White (1977), Guarascio et al (1978), 
and Deraisme (1977-78). On a given simulated deposit, 
various alternative methods and equipment choices are 
tested. Since the simulated deposit is almost perfectly known, 
the economic and technical consequences of each alternative 
on a given production period can be calculated. Since a 
simulation can differ from reality, the calculation procedure 
should be repeated on various independent simulations of the 
same deposit. Clark and White show an application of 
Simulation to the critical problem of deciding when and how 
to switch an open-pit operation to underground. The studies 
of Guarascio et al, unfortunately not vet available in English, 
represe:.. the most complete and striking example of simula- 
tion of a whole mining operation. The operation simulated 
was the Pb-Zn mining complex of Masua in Sardinia-Italy, 
Starting with conditional simulations of the various Ceposits 
mined, the whole chain of operations, from blasting, hauling, 
and blending to mill feeding, has been analyzed, 
programmed, and simulated. Extension of the simulation to 
the milling operations is also considered. 

6) Studies of blending from various slopes to stabilize 
tonnage and quality of production, cf. H. Parker (personal 
communication), Marechal and Shrivastava (1977), and 
Deraisme (1977). 

7) A study of the determination of production rates and 
cutoff grades that vary in time, and their impact on recov- 
ered benefits, cf. Dowd (1976). 

8) In nonmining endeavors, two striking applications of 
Conditional Simulations should be mentioned: 
® Simulations of precipitation in desert provinces for the 
Study of water runoff and recovery (Figs. | and 2), ef. 
Delhomme and Delfiner (1973). 

8 Simulations of the possible Muctuations in the geometry of 
an oil reservoir around its estimated image to study the 
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subpiies. In alternative (Cc), onmste Blending |s perlormed va the use of 
numerous medurrrsuze shovels operatng on smaier benches. 


part of the previous production passes through a stockpde comprised of two 


uncertainty of oil recovery, cf. Delfiner and Chiles (1977). 


CASE STUDY—BLENDING OPTIONS 


At one porphyry copper open-pit operation, various mining 
and blending procedures were considered for a particular ore 
zone. The object was to assess their influence on the fluctua- 
tions of the mill feed grades over time. The first alternative 
was to meet the production requirements using large-sized 
shovels, with ore being sent directly to the mill (Fig. 3a). The 
second alternative was to send part of the previous produc- 
tion to stockpiles. where some blending takes place; the daily 


mill feed would be obtained from ore coming either directly . 


from the blasts or from the piles (Fig. 3b). The third 
alternative was an on-site blending of mined ore using a 
greater number of medium-sized shovels working at different 
locations in the deposit (Fig. 3c). Proceeding from alternative 
(a) (worst control) to alternative (c) (best control), the more 
precise the control on mill feed grades, the greater the mining 
and handling costs. 

The source model used in the simulation included a 
strongly asymmetrical histogram of Cu grades with fixed 
mean and variance, a model of spatial continuity of grades 
characterized by an isotropic spherical variogram with 
nugget effect. The simulation included both the true average 
grade of a mining unit (block size 18 x 18 x 10 m) and ils 
estimator deduced from a set of blastholes. As in a real 
operation, selection of ore and waste and mill feed control 
was based on blasthole estimates rather than on true block 
grades. } 

The simulated data base was stored in the memory of an 
interactive computer, and simulations of the three alternative 
mining processes were made. The daily decisions, such as 
which block to mine and whether to send it to the mill or to 
the stockpile, were made by the mining engineer using a 
cathode-ray display of the state of the various faces and 
stockpiles, as well as an awareness of the past and present 
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mill feed grades. The engineer's decision was certainly not 
always optimal; however, the object of the study was precise- 
ly to simulate reality (which includes human errors) instead 
of achieving an absolute optimum, which is inaccessible in 
practice. A whole year's production employing each alterna- 
tive was simulated in just two days of interactive work with 
the computer. Results for each alternative included: 

® A display of the fluctuations of the daily mill feed grades 
(Fig. 4). The mill operator will obviously prefer alternatives 
(b) and (c), whereas the mine operator will prefer alternative 
(a) for its simplicity and lower mining costs. 

® An analysis of how the error of estimation of mean block 


_ grades influences the blending processes. On Fig. 4c, on-site 


blending performed on the estimated grades (dashed line) 
appears almost perfect, but still there are residual daily 
fluctuations in the true grades received by the mill. To reduce 
these fluctuations, additional data must be obtained from a 
denser pattern of blastholes. a 

® An analysis of how the size and use of the stockpile affects 
the regulation of daily production in terms of both tonnage 
and grades. The analysis indicated that a stockpile equal to 
three or four days’ production was sufficient to stabilize mill 
feed grades over a two-week period. 

® An analysis of how different spatial locations of clusters of 
rich and poor ore affect blending processes and total recovery 
of ore when selection by cutoff grade is considered. 

In conclusion, the Conditional Simulations technique 
offers the possibility of deriving various simulated deposits 
from a given source model, which in turn is built from the 
geological and geostatistical information available on the real 
depasit. Since each simulation employs the same known data, 
all simulated deposits have an equal likelinood of being the 
real deposit. As simulated deposits are almost perfectly 
known, all exploration or production programs planned on 
the real deposit can be tested on the simulations and their 
consequences can be displayed. These planned processes can 
then be corrected for better efficiency, NMexibility, or robust- 
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Fig. 4—Flctuations in the daly mil feed grades (shown at left). 
The sobd ines correspond to the true grades recerved daily by the 
md. The dashed bnes correspond to estimates of true grades 
based on biastnole informahon. in actual practice. onty the dashed 
kines are known: however, proft depends on the sobd hnes. 





ness, or the need for acquisition of additional information on 
the real deposit can be specificd. 
Derivation of the source modcl and corresponding simu- 


lated deposits calls for an expert geostatistician who is- 
‘familiar with the geology of the real deposit. Simulation of 


the mining processes calls for a mining engineer who is 





familiar with the daily constraints of a real operation. 

The availability of a new breed of inexpensive, high- 
performance, interactive computers permils systematic test- 
ing of every link of the project as well as the flexibility of the 
whole chain. Use of the above-mentioned methods in mine 
planning may well raise the design precision of a mineral 
project to the level of precision of other industrial projects. 
Such 3 gain in precision will have a direct effect on the 
reliability of the economic projections and will reduce the 
risk inherent in development and production from new 
marginal ore deposits. ams 
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Dr. Jean-Michel Rendu, specialist engineer, 
Golder Associates Inc. 


The application of kriging methods and computer technology 
to mineral deposit valuation Is gaining momentum because of 
the increased accuracy and speed of valuation that these 
techniques afford. While previous papers in this serics have 
Gcalt with kriging and other geostatistical methods from a 
theoretical stance, this article details the application of such 
methods to the problem of reserves estimation in a currently 
operating minc.* The techniques employed have gained 
acecptance by staff geologists and stope planners and are 
considered to be integral clements in the routine reasscss- 
ment of mining parameters. 

The Prieska mine is located in the Cape province of South 
Africa. The orebody is a massive sulphide copper-zinc dcepos- 
it having a nearly vertical dip, a strike length excceding 1.8 
km. a depth of more than 800 m, and an average thickness of 
9 m. To estimate the grade of the ore. samples from diamond 
drillholes and chip samples are taken between the footwall 
and hanginewall. These samples arc also used in conjunction 
with other ore exposures to determinc the. position of the 
footwall and hangingwall. The ore is minced using 3 sublevel 
open-stope mining method: the slopes created are typically 
58 m high x 45 m long along strike. Ore production from the 
mine excecds 200,000 tpn. 

The use of computerized methods was introduced early in 
the development stage of the minc.* All sample values, 
sample positions, geologic information, stope limits, and 
other relevant information are kept on computer files and 
continuously updated. This information is used in various 


Fig. 1—Position of reference plane ZV with 
respect tothe orebody 
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suites of programs, some of which make extensive use of 
geostatistical methods. Geostatistical analyses of sample 
values are repeated whenever warranted by the availability of 
new data, and random kriging and universal kriging are used 
to calculate the ore reserves semiannually. 


METHOD OF RESERVES ESTIMATION 


Every six months, the ore reserves remaining in each stope 
must be recalculated, incorporating any new informatio 
that may be available, including possible changes in mining 
costs and metal prices. The tonnage of ore and average metal 
content (percentages of copper, zinc. lead. and bismuth) 
must be calculated for cach ore block. To do these calcula- 
tions, the problem is reduced to two dimensions. A vertical 
planc parallel to the average strike of the orebody is uscd as 3 
reference plane (Fig. !). The point at which a borchole 
intersects the footwail or hangingwall surface 1s defined by 
its distance O from the reference plane. and by its coordi- 
nates Z and V in the plane. For each borehole. the average 
specific gravity and average ore grades are calculated 
between the footwall and hangingwall. The averages are 
treated as if they were representative of the orebody at point 
(Z:V) where Z and V are the coordinates of the center of the 
borchole-ore intersection. The reduction of the problem to 
two dimensions is illustrated in Fig. 2. Changes in the-mining 
costs or metal prices may affect the position of the mining 
footwall and hangingwall, and therefore may affect average 
grades and average specific gravity. 

Once the borehole information has been reduced to two 
dimensions, the following quantitics are calculated ona 152% 
15-m grid in the ZV reference plane: 

s The distance between the hangingwall surface and the 
reference plane, using universal kriging. 

B The distance between the fovtwall surface and the scfer- 
ence plane, using universal kriging. 

® The average specific gravity and average grades of the 15 
x 15m block centered on the grid point, using random 
kriging. 

From these quantitics, the volume, tonnage, and met 


®This article describes geostatistical methads as they were employed in 1977. 
Many improvements in the techniques have been added in the last two years 
that are not covered in this report. 





€otJ JANUAR 1 :3 








OS aI 


Fig. 2—Reduction of the valuation problem to two dimensions 


» ¢ 


Footwall 
| . O coordinate 
{ Z 

Center 


Borehole average 
; point 


Hangingwall 
O coordinate 





. 
oe 


Vertical section in the 
plane of the borehole 


Projection of the borehole 
average values on the 
reference plane 


I 3 


| Projection of the footwall 
and hangingwall O coordinates 
| on the reference plane 





content of each 15 x 15-m block are calculated. The charac- 
teristics of the stope being evaluated may be obtained by 
integrating all of the 15 x 15-m blocks, or those parts that arc 
included in the stope. 


CHOICE OF A KRIGING METHOD 


The average grades and average specific gravity of each 15 
x 15-m block are calculated using random kriging.'”!° This 


implies that the exact borchole position is not significant for 
valuation purposes. When using random kriging. the position 
of a borchole within the 15 x 15-m block is ignored; instead, 
it is assumed that the borehole is randomly located within the 
block. 

There are many advantages to using random kriging 
rather than sample kriging. The geostatistical analysis of the 
borehole values is greatly simplified. The results of this 
analysis can be used directly in the kriging program without 


method is preferred to the more classical form of sample 
kriging because a) the number of boreholes available for 
valuation is very large, b) the boreholes are not locatcd on a 
regular grid but the borehole density is fairly constant, and 


a need for complex interpretation—only a limited knowledge 
of geostatistics is needed. The kriging program itself is 
simplified and is less costly to run, in terms of both personnel 
and computer time. 











| | c) the borchole valucs present a high nugget effect, which Prior to any analysis of the Prieska orebody’s geostatistical 
ye. 
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Fig. 3—Geostatistical analysis of the Borenors values 
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properties, the mine is divided into contiguous geostatistical 
sections of fairly constant strike and dip. Division of the mine 
into sections is necessary because of the presence of a major 


fault. Also, while most of the mine has a dip close to 90°, part _ 


of the mine has a dip approaching. 45°..A distance of 15 m in 
the vertical reference plane corresponds to 15 m in the plane 
of the orebody if it is vertical, but to 21 m in the plane of the 
orebody if it has a dip of 45°. Since the semivariogram is 


calculaicd in the reference planc, mixing the different . 


sections of the mine would give meaningless results. For 
Statistical analysis, cach geostatistical section is considered 
separately. 


NONSPATIAL AND SPATIAL ANALYSES | 


The methods used to statistically analyze the borchole 
averages within cach mine section are summarized in Fig. 3. 
First, the boreholes are located in blocks of size 15 x 15 m. 
For each:block i, the following quantities are calculated: 
® The number n; of boreholes in the block. 
© The average value X of the boreholes within the block. 
® The variance v, of the borehole values within the block. 
These calculations are illustrated in Fig. 4. A hypothetical 
mine section containing 18 boreholes is represented. The 
section is divided into 24 15 x 15-m blocks, and the quantities 
mn, X,, and v, are calculated for each one of the 13 blocks 
intersected by at least one borehole. 

An average within-block variance v is then calculated from 
the values of 4. Only the blocks containing at least two 
boreholes can be used for this calculation. Thus, in Fig. 4 
only four blocks are considered: 


4 4 
v= 2 Ale a 2 (nm, — 1) 
i= i= 


v = (10.32 + 1°0.32 + 1°0.02 + 2-0.28)/5 = 0.188 


The average number n of borcholes per block is also calcu- 
lated. taking into account all the blocks containing at least 
onc borehole: 


n= 18/13 = 1.38 


The ratio No = v/n is an estimate of the mean squared 
error of estimation made when estimating a block value by 
the average value X; of the boreholes it- contains. In other 
words, No is an estimate of the nugget effect of the within- 
block borehole averages x. _ 

Aside from the calculation of v, a, and No, all other 
geostziistical analyses (Fig. 3) are performed on the borehole 
average valucs x, These values are located on a regular but 
incomplete grid (Fig. 4-b). The semivariogram of these 
values is first calculated using standard methods described in 
eariser articles in this serics. A mathematical model y(Z.V) is 
fitted to the calculated semivariogram, and an estimate N, of 
the nugget effect is obtained: 


N, = (0,0) 


Also calculated is the variance of the 15 x 15-m averages x; 
in areas of increasing size, i.e. the variance-arca relationship.* 
For this purpose, the variance of the 15 x 15-nv averages are 
calculated in areas of size 15 x 30m. 30 x 30 m, 30 x 45 m, 
45 x 45 m. etc. An example of this calculation is given in 
Table 1, where the values of x, obtained in Fig. 4-b are used. 
From the variance-area relationship. the population variance 
o? and the nugget effect are estimated. The population 
variance is estimated by the variance of all the 15 x 15-m 
averages in the mine section considered (in our example, an 
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Fig.4d—Calculation of within-block statistics 


4a) Borehole values and location 





estimate of o2 is 2.272). Since the nugget effect is the 
variance of the 15 x 15-m averages within a 15 x 15-m area, 
an estimate NV, is obtained by extrapolation of the variance- 
area relationship to an area of size 15 x 15 m. 

From the above statistical analyses, the following data are 
retained (Fig. 5): 
® The population variance o?. 
® Thc nugpet effect NV. Three estimates—No, N,, and N,—of 
N have been obtained. The mathematical models fitted to the 
observations must be adjusted so that these estimates are 
reconciled. 
® A mathematical model 7(Z.V) of the semivariogram. In 
the solution of the kriging system, the auto-covariogram. 
o(Z;V) = 02 = 7(Z.V) will be used. 


THE RANDOM KRIGING PROCESS 


Once the statistical analysis of all the sections in the mine 
has been completed, estimation of the average value of the 15 
x 15-m blocks in the sampled area becomes possible. First, 
the mine is divided in blocks of 15 x 15 min the ZV reference 
plane, and the average value of the boreholes within each 
block is calculated. From that point on, the position of the 
boreholes within each block is ignored. A sampled block will 
be referred to hereafter as a “sample,” while the average 
value of the boreholes within a sampled block will be the 
“sample value.” The “position” of a sample is measured at 
the center of the sampled block, and the distance between 
two samples is the distance between the two centers. The 
distance between a sample and the block to be evaluatcd 1s 
the distance between the sample and the center of that 
block. 

To estimate a block, the values of samples in the neighbor- 
hood of the block must be found. All the samples within the 
surrounding peripheries (Fig. 6) are retained. The number of 
peripheries considered is determined by the borehole density. 
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Fig. 5—Mathematical model used for 
random kriging 


Population 
variance o2 


Distance A 


A 
Cae 
PTA EVI Tt 


Curve 4(Z,V) 


To calculate the kriging estimate of the block from the 
sample values, the following variances and covariances must 
be calculated: 

® The block variance, or variance of the true block value 
within the mine section, 0? — N. 

8 The block- -to-sample covariance. If the sample is within the 
block, the block variance o2—W is uscd. If the sample is 
outside the block, the covariance a(Z:V) is used, where (Z: V) 
is the vector distance between block and sample (Fig. 7). 

® The sample variance. o?, 


® The sample-to- “sample estan a o(Z,¥), where (Z,V) is 


Fig. 6—Blocks considered in valuing the 15 x 15-m 


central block 


1 Penphery 


2 Pertpheries 
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the vector distance between the two samples. ' 
Once these quantities have been calculated, evaluation of 


the block by kriging is straightforward. The kriging proce- 


dure has been described in detail in earlier articles in this 
series. If asamples are used to evaluate the block, the weight 
6, given to the i-th sample value is obtained by solving the 
following system of n+1 equations: 


5 Bioy oe td. for alli 
{=u 

n 

peel 


where aj; is the covariance between samples i and J at 
distance (Z,,:V;). ov is the covariance between sample i and 
the block, and A is a Lagrange multiplier. Note that: 


Oye o (Zy3Vs)) if i547 
y= O° ifi=j 


and if (Ze:Vo) is the distance between sample i and the 
block, then: 


Oo = & (Z1.;V,.) if sample i is outside the block 
Co; = o? —N if sample iis inside the block 


The kriging error of estimation of the block is: 


N— 5 bio +A 


i= 


o;2=c7? — 


UNIVERSAL KRIGING 


To estimate the volume of ore in a 15 x 15-m block, the 
positions of the footwall and hangingwall surfaces are esti- 
mated relative to the center of the block. A point on these 
surfaces is defined by its O, Z. and V coordinates, the O 
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Sample inside block: 
Covariance = o2—N 


coordinate being the distance from the ZV reference plane 
(Fig. 2). 

The distance O is treated as the dependent variable, while. 
Z and V are the independent variables. The footwall and 
hangingwall surfaces are considered as realizations of 
random functions. These functions are not stationary—the O 
coordinate is a complex, usually increasing function of Z. 
Also, the estimated surface must go through the data 
points—the point semivariogram has no nugget effect and 
the exact borehole location must be retained. For these 
reasons, a simplified version of universal kriging is used. To 
calculate the value of the O coordinate at the center of a 
block. a plane is first fitted to the closest data points using 
the generalized least squares method. The center point is 
then given an O value equal to the value of the plane plus a 
corrective term obtained by kriging the residual distances 
between the data points and the plane. An exponential 
semivariogram with zero nugget effect is used. A detailed 
description of the method would go beyond the scope of this 
publication, and can be found in the literature.®?.! 

Note that the difference between the estimated hanging- 
wall and footwall O coordinates at the center of a block is an 
estimate of the horizontal thickness of the orebody at that 
point, not an estimate of the average thickness of the block. 
Changes in the computer program are being considered to 
take this factor into account, but they are not expected to 
result in very significant improvements. 


FOLLOW-UP STUDIES 


To ensure that a theoretically correct method such as 
kriging is accepted by the staff and management of the mine 
for which it is designed, it is important to prove that the 
results are at least 3s good as those obtaincd by a more 
traditional method. Unfortunately, comparing calculated ore 
reserves with the true characteristics of the ore underground 
is usually impossible, as the latter remains unknown even 
after mining has been completed. Also, at the Prieska mine, 
an additional consideration prevails — many of the geostatis- 
ical methods were introduced at the very beginning of the 
mining opcration, hence comparison with pre-existing meth- 
Ods was not possible. However, the computer methods were 
well accepted because they significantly simplified work that 
would otherwise have to be done manually by the mine 
staff. : 

Despite the problems in making direct comparisons, vari- 
Ous indirect comparisons of actual and predicted valucs have 
been completed. The geostatistical methods described in this 
paper are used to predict the ore values in situ. The only 
other reliable independent estimate of the ore values is 
obtained from the surface plant, where tonnage and grade of 
the mill feed are known with considerable precision. By 
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Sample outside block: 
Covariance = o(Z;V) 





starting from the geostatistical estimates, considering the 
tonnage of ore drawn from each stope during a month, and 
making corrections for dilution and clean ore left in situ, it 
was possible to estimate the mill feed for the corresponding 
period. Discrepancies between estimated and actual mill feed 
were observed and analyzed. These discrepancies were 
explained by the difficulty encountered in estimating the 
amount of dilution and of clean ore not recovered. Compari- 
sons of estimated and actual mill feed are now used to control 
the mining method rather than to justify the geostatistical 
methods. 

For specific stopes, the grade and tonnage have been 
calculated using both geostatistical and polynomial methods. 
Any significant differences observed between methods were 
assignable to the superior ability of geostatistical methods to 
decrease the influence of extremely high or extremely low 
values. Discussion with the mine geologists about these 
differences invariably resulted in acceptance of the geostatis- 
tical estimate as the “better” estimate. 

The computer-generated footwall and hangingwall sur- 

faces have been compared with manually drawn surfaces on 
geologic sections. In most instances, the two surfaces 
matched perfectly. Most of the discrepancies were explained 
by one of two factors: Either the geologist possessed informa- 
tion not yet available to the computer, or no reliable informa- 
tion was available. These discrepancies were not due to 
weaknesses in the geostatistical method. 
_. Despite the somewhat unsatisfactory nature of these fol- 
low-up comparisons, they resulted in the general acceptance 
of the computer methods by the mine staff and manage- 
ment. 


WEAKNESSES AND IMPROVEMENTS 


Application of various forms of kriging to the Prieska mine 
has proven to be successful, and the computer programs 
developed for ore reserves calculation and stope planning are 
now used routinely. However, many possible improvements 
are being considered: 

B In the random kriging method currently used, the average 
value of the boreholes in a 15x 15-m block is given the same 
weight, whether it is obtained from one or more boreholes. 
Also ignored is the likely presence of a proportional effect, 
which would indicate that higher grade values have a higher 
variance than lower grade values. An improved evaluation 
would be obtained if the variance of the borchole averages 
was treated as a function of the number of boreholes and 
their average valuc, instead of being considered as a 
constant.! Examples detailing the implementation of the 
logarithmic kriging method of grade evaluation are on 
record,®!! 

B The average grade of a block is calculated as a weighted 
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average of the borehole average gradcs. This method would 
be completely justified if the thickness of the ore was 
relatively constant. However, this is not the case. A better 
approach would be to calculate the accumulations, defined as 
the product of the grade times specific gravity and thickness. 
Originally this could not be done, duc to the difficulty in 
defining the thickness of the ore. Duc to the satisfactory 
results obtained with universal kriging, improvements in this 
method are now being considered. 

® In some unusual situations related to the location of the 
surface exposures, the surface contouring program currently 
used gives unacceptable results. In these instances, substitu- 
tion of the generalized increments method for the universal 
kriging method may give better results.’ 

8 Some improvements are expected when the average thick- 
ness of a 15x 15-m block is estimated by the difference 
between the average hangingwall and footwall O coordinates, 
rather than the difference between the hangingwall and 
footwall O coordinates at the center of the block. - 

® Finally, one scrious problem has been encountered in the 
use of an integrated computerized system for ore valuation 
and minc planning. Mine geologists oftcn possess information 
about the orcbody that for various reasons is not available to 
the computer. The geologist should thus be able to override 
the computer results without having to retuen to -entirely 
manual operations. This could best be done by introducing 
the use of interactive graphics. The main advantage of this 
procedure would be that the geologist or stope planner could 
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communicate with the computer without requiring any 
special computer training.’ At Pricska. however, introduction 


-of interactive graphics is expected to present serious technical 
' problems due to the remotencss of the mine site, which 


creates communication difficulties between the mine and the 
computer located in Johannesburg. am 
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CHAPTER 5 


SAMPLING CALCULATIONS 





OUTLINING OF ORE — After the sampling has been completed 

and the analyses have been received from 
the laboratory, and before attempting to calculate the averages 
from groups of individual samples, the preliminary outlines 
of the orebodies should be determined. If several grades of ore 
are included in one orebody, the outlines of the ore by grades 
may be necessary. This may be done best from the sample maps, 
on which should be noted also all geological data on which the 
outline of the orebodies might depend. The boundaries of the 
ore may be property lines, contacts, or indefinite limits which 
depend entirely upon the sample assays. This preliminary 


outlining of the ore and grades is necessary at this point as a: 


guide to the proper grouping of assays and for the determina- 
tion of the weight that should be given to the individual assays 
of each group. 


THEORY OF SAMPLE WEIGHTING — The calculation of averages 
from groups of individual 


sample assays is a problem of mathematical weighting. Fun- ~ 


damentally, the calculation is based upon a determination of the 


relative importance of each sample with respect to the other 4 


samples with which it is combined. A fairly taken sample is 
intended to be representative of the orebody or mineral mass 


at the point where it was taken. In practice, however, there .; 
is always an interval or distance spacing between the points ©. 


tested and, therefore, each sample must be considered as repre- 
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f sentative of a certain surrounding volume, the size of which 
' depends upon the location of the sample in question and upon 
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its relation to adjacent samples or to ore limits. 

Thus, when an orebody is systematically sampled at numer- 
ous points, each sample must be considered as representative of 
the ore not only at the point where it is taken, but outward in 
all directions from this point halfway to all adjacent sample 


, locations. In other words, a sample must continue to be con- 


sidered as representative of the ore until it is relieved of the 
responsibility by another sample. This can be shown best by 


a eiting the two extreme cases, as follows: 


1. If the entire orebody is taken as a sample, the sample, 
of course, represents the exact assay of the ore, and each 
sample particle is held only to its own assay because there 
are no extra particles participating. The interval between 
points sampled is zero, and the influence of each sample par- 
ticle is limited to its own volume. 

2. If only one point in the entire orebody is sampled, the 
assay of the one sample must be assumed to represent the 
‘« whole mass, and the influence of the sample must continue 
“outward from the point tested to the ore limits in all direc- 
tions. The volume attributable to the sample is the volume 
of the whole orebody. 


,. * In the first of these instances the relative value of each 
_ sample particle is the same as that of each other particle and the 


relative importance of each and all of the particles may be con- 
sidered as unity, whereas in the second instance the value of 


2: the sample particle is a maximum and the relative importance 
», May be considered as infinite. 


tion thereof. If a large enough number of samples is taken, a 


wi straight unweighted average will give a true result because the 
:* fntervals between samples are correspondingly reduced and 


eac sample is therefore representative of an insignificant vol- 
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dimension, the interval distance may be omitted from the cal- 
culations because it would factor out if included ; when samples 
are taken equidistant from each other in two dimensions, both 
of these distances may be omitted from the calculations for the 
same reason; and if equal-sized samples are taken equidistant 
from each other in each of three dimensions, the samples may all 
’ be mixed to form a single composite sample because the dimen- 
sional intervals, if included, merely impute identical volumes 
to each sample. 


ume as compared to the whole. In ordinary practice, samples 
are not taken at close enough intervals for this to hold true. As 
the interval between samples increases, each sample assumes a 
greater importance because of its increased volume of influence 
and, correspondingly, increases the importance of sample 
weighting. ; 


WEIGHTING OF SAMPLES — The true weight of a sample is its 

‘volume of influence’’; hence, 
whenever feasible, sample weights should be assigned in ratio 
to the respective volumes. In grouping samples where three 
dimensions are being dealt with, the weight attached to each 
sample must be proportional to the volume of the block of ore 
at whose center the sample was taken. 

In determining the assay value of a plane or warped surface 
such as a stope face or drift face, there are, of course, only two 
dimensions (length and breadth) to be considered and it will be 
impossible to attach volume weights to the samples. In this case, 
it is proper to weight the samples according to the ‘‘areas of 
influence’’ at whose centers the respective samples were taken. 

Again, in the instance of a row of samples, where only one 
dimension (linear) is involved, it is appropriate to consider 
the ‘‘distance of influence’’ of each sample as its proper weight. 

It must be borne in mind, however, that the ultimate aim in 
sampling is to determine the value of a volume of ore. Likewise, 
the ultimate purpose of weighting each sample that enters into 
the calculation of an average is to attribute to the sample its 
respective volume. 

Although, in certain instances, weights may be computed on. 
distance between samples (linear dimension only) or on areas % 
of influence (two dimensions only), these’are but preliminary : 
steps toward the determination of true volume weights and are 
used either because the volume cannot be computed for lack «4 
of data or because the areas or distances are in proportion to 
volume. 

When samples are taken equidistant from each other in one 


DEGREE OF ACCURACY — The subject: of ‘‘assay weighting,’’ 

though discussed at length in the 
transactions of most of the mining societies and in mining lit- 
erature in general, remains a debatable question when attempt- 
ing an exact mathematical analysis. Fortunately, the refine- 
ments which have entailed the greatest amount of controversy 
are, in a sense, beyond the limits of practical application. Ex- 
cept by chance, a sample cannot be exact; in grouping sample 
assays, it is wasted effort to attempt a calculation that will be 

























should be borne in mind, so that the various phases of the calcu- 
Ks; lations will be kept precise, relative to each other. The im- 
> portant point is that while being combined, the assays must be 
~ logically weighted according to what they represent. Any 
, deviations from this plan must be based upon sound reasoning. 


SPACING AND ARRANGEMENT — The purpose of this text in 
OF SAMPLES dealing with sampling calcula- 
i tions is to set forth the funda- 


a 


sampling estimates are individual problems in some respect or 
another, but the theory remains the same. The following ex- 
amples illustrate the theory; no attempt is made, however, to 
cover all possible cases. 
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Fig. 3. Placer area sampled at regular intervals. 


UNIFORM SPACING ON RECTANGULAR CO-ORDINATES 


EXAMPLE 1. 


Extended Area Fig. 3 is the plan assay map of a placer area 
which has been drilled and sampled at each 300-ft. intersection 
of a rectangular co-ordinate system. It is assumed that there 
are no property, assay, or other boundaries which limit the 
extent of the deposit, and that values extend one-half of the 
co-ordinate interval beyond the outside rows on each side. Each 
drill hole will lie at the center of a 300-ft. square of influence. 


& 


_— 


EDUMINE 8 SN ce on 
icy is 


; vanes Hi. gis buy 













SAMPLING CALCULATIONS 49 







It will be apparent that, so far as area is concerned, each 
sample has equal influence and that if the depth (thickness) of 
the placer were equal at all intersections, a straight average of 
_ the sample assays would give the average analysis of the placer ; 
i but, in considering volume, the samples are not of equal im- 

portance, as the depths of the sampled holes vary. Thé samples 
ry are, therefore, weighted according to depth by taking the assay- 
a. foot product. Though not so stated, this gives a volume weight 
i. to each sample. The computations are as follows: 












Sample Ausay Foot-Asaay 
Leagths Value Product 
20 ft. @ 20¢ percu. yd. 400 
16 18 _ 288 
15 @ 40 _ 600 
12 @ 15 — 180 
18 @ 22 _ 396 
10 @ 35 _ 350 
13 @ 30 _ 390 

9 @ 12 _ 108 

14 @ 30 _ 420 

12 @ 40 _ 480 

11 @ 20 _ 220 

10 @ 14 _ 140 

10 @ 35 — 350 

8 @ 15 = 120 

5 @ 10 = 50 
pend @ 20 ~ 240 
195 4732 










e 4, £782 + 195 — 24.26¢, average assay value per cubic yard. 
Ht +195 +16 — 12.18 ft., average thickness of bed. 

a Bo = 4.06 yd., thickness of bed. 

ev | the ore values are assumed to extend one-half the co-ordinate 


sterval beyond the outside rows of holes, the total area of prob- 
@ values is a square 400 yards on a side, and therefore : 
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EXAMPLE 2. 


Included Area — Valence Weights If, in Example 1, the volume 
to be considered were limited to the area bounded by the drill 
holes, the situation would be as is shown in Fig. 4, where all 
samples do not have equal areas of influence. The average an- 
alysis of each volume inclosed between adjacent co-ordinate lines 
may be obtained by combining the assay-foot products of the 
four corners; the average depth of each unit is the arithmetical 
mean of the four corner-depths; and the several units may then 
be combined by the use of the depth-assay products, as tabulated 
on page 52. 

It is apparent, however, in the calculation that the corner 
samples (No. 1, 4, 13, & 16) have entered into the computations 
only once, the intermediate side samples (No. 2, 3, 5, 8, 9, 12, 
14, & 15) twice, and each of the interior samples (No. 6, 7, 10, 
& 11) four times. Therefore, the entire group of samples may 
be combined in a single operation by using weights of one, 
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two, and four. This weighting is determined by the number of 
units — in this case squares — affected by each sample. This 
type of weighting has been aptly termed the ‘*valence’’ of the 
, sample, from the chemical term denoting the combining power 


“of the elements. 







. Valence- 
Foot-Aanay 
Product 


400 


Unit Arean Valence 
Affected -Foot 
(Valence) we. 








































Field Data 
Feet & Annay 


20’ @ 20¢ 


Foot-Annay 
Product 


400 



























































































16 18 288 2 576 
15 40 600 2 30 1200 
12 15 180 1 180 
18 22 396 4 192 
10 35 350 4 40 1400 
13 30 390 4 52 1560 
9 12 108 2 18 216 
14 30 420 2 ne 840 
12 40 480 4 48 1920 
11 20 220) 4 44 880 
10 14 140 2 20 280 
10 39 350 1 10 350 
8 15 120 2 16 240 
5 10 50 2 10 100 
12 20 240 1 12 240 
36 428 11174 


11,174 — 428 — 26.11¢, average assay. 
428 — 36 — 11.89 ft., average thickness. 


wibé or number of cubic yards in the deposit; i.e., each depth 

siren a valence or weight in proportion to the number of 
: Mg ‘affected. It is apparent that this method of determin- 
aieclnet is not mathematically exact unless the orebody 
fat tying and the depths are equal. Where conditions war- 
} either a dip-factor or the prismoidal formula may be used 
ain the correct volume from the apparent depths shown 
al . aeiline The computations are: 
















§2 








































































Unit Foot- 
Area 8 1 Field Dat A A i 
- ree ce Nai West it: AnnatePteduct weicnen as pee: "i Greaping Into Rows The composite assay of the group may 
a 1 20’ @ 20 400 y,’ aleo be calculated by averaging each row of holes and then com- 
1 ; rs son 64 , 1484 iter’! bining the several rows. 1 Since the distance between holes in any 
6 1085 Re 4s A iy 64” 22.406¢ 358.496 BY Mow (Fig. 4) is the same throughout the length of the row, the 
64 __ 1434 4 head samples should be given only half the weight of the inter- 
- of @ ase ace “mediate samples when combining their foot-assay products. 
2 : ip 35 an * = 13.5" eee m8. 148d 406.008 eae Wa ise, when combining the row averages by their depth- 
fa oe OR os \ oueay products to obtain an average for the entire area, the end 
3 15’ @ 40 600 Yrows will carry only half the weight of the intermediate rows. 
3 ‘7 cs aon 49 4278 GAL the weight attributable to the corner samples is taken as 
8 A | 108 4 any tam ks thc one, the intermediate side samples will again have weights of 
49 1278 ; two, and the interior samples will again carry weights of four. 
: i. @ oa oR i} The final average result as to assay or thickness for a group 
Chie 14-30 420 o* — a9 1646 so.agi¢ 411.498 samples taken at the intersections of a regular co- -ordinate 
10 ae 40 480 4 54 3 (ihyetem will be the same whether the averaging process is viewed 
6 aa @ 3n¢ 1836 “lhe the standpoint of area of influence of individual samples, 
5 7 13 30 390 46 1440 ieee seperation into unit areas, or of grouping by rows. In cer- 
7 a ; by spe LE fea pete 31.304¢ 359.996 a instances, when a definite allocation of values in desired, 
46 1440 
! 7 13’ @ 30 390 
8 
6 oo ‘3 af ae 43 10.75! oe wm 19,958¢ teipite Spacing on 60° Co-ordinates — Regularly spaced sam- 
12 10 14 14004 43 ee need not be on a rectangular co-ordinate system. Samples 
6 Ligh RO P ‘ ° P 
: sf. @ 30¢ are ‘wstiw be taken at the intersections of a 60° co-ordinate system, as 
7 10 12 40 480 44 1370 eyihown in Fig. 5. The unit of area in this case is an equilateral 
s es A ay nee 11.0’ Pye 31.136¢ langle, and the areas of influence of all the points sampled are 
rv eee oe  kdentical hexagons. 
10 12° @ 40¢ 480 ; 
8 11 11 20 220 36 870 en C5: 
| 14 8 15 120 — = 9.0° —— = 24,167¢ 217.808 Macy 
15 p59 210 50 4 36 DL kg larly spaced i in rows, and the rows themselves may be regularly 
| 36 870 yo larly spaced. In any combination of samples in rows, 
Hn 11’ @ 20¢ 220 
; 9 10 14 140-34 650 4 
15 5 10 100 = S88 «= (17:1089 =—168. 088 | 
16 12 20 2400—C i 4 38 ; 
38 440 pera 2798 660 


2793.480 -- 107.00 = CAN1¢, average aenay veleo por cw yd 


° “ts 9 = F149 ft, evcrage (bw bheces 
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54 MINE EXAMINATION SAMPLING CALCULATIONS 55 
respective lengths and distances of influence. The row sections 
may then be combined to obtain an overall average by weighting 
each section in proportion to its area and distance of influence. 
In other words, the samples in a row may be combined by areas 
of influence to obtain the average for the full section repre- 
sented by the row and the rows may then be grouped in propor- 
tion to their volumes of influence. Fig. 6 shows an example of 
regularly spaced samples in irregularly spaced rows. 
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Irregular Spacing — The exploratory drilling of an orebody is 
seldom done in a consistently systematic manner, for a com- 


D 


: plete program is justified only when preliminary work has 
‘roughly outlined the limits of the deposit and shown sufficient 
promise of values to warrant the necessary expenditure of 
eapital. The engineer sent to examine a property will usually 
ind that the previous work has resulted in a set of irregularly 
i. dpaced samples, and unless he feels that the work should be 
done over, his best course is to adapt his program to the results 
Sak Band. Often this will mean a continuation of irregular drill- 
ing or sampling, with the locations determined by a study of 
the previous data. A clear understanding of the geology, in 
perticular the structural relationship, may be critical to the 
‘effective planning of such a program. 

‘a len proper judgment is exercised in combining the several 
i sa group of irregularly spaced samples which have been 

ly r taken should give just as accurate a composite result as 
; ples in a symmetrical layout. Care must be taken to avoid 
‘undue prominence to rich spots by concentrating too 
; ‘any holes in such areas. The basic principle of weighting 






























































Fe a OR AEE SSS ES S| A MTD SEE OS n= 


a ee eee - 












ya i “hy + Oy 
SUI 


gti, HY A ik . : uid 1 hia: ) x D Oh 2 \ t ; i, 4 ys 
t ptr i '" \ c , “ i 


mote cay 
yoo ta aiatig 














MN 
YI 


SAMPLING CALCULATIONS 



















oo OP Ge oe eee we Oe = ee ee oe we 


grouping of irregularly spaced samples just as it does to those sie 
uniformly spaced. " 


Area of Influence Method Assuming that the assay value of 
an orebody varies at a uniform rate from point to.point,’ the — 
persistence of any individual sample may be taken as extending ‘\ 
halfway from the point tested to all adjacent samples. This ¢ 
agrees with the theory previously outlined, that each sample iit i 
must continue to be considered as representative of the orebody S : . 
until it is relieved of its responsibility by another sample. The | i 
area of influence of any sample is, therefore, a polygon bounded 
midway to all surrounding sample points; for any point within “8 
such a polygon is within the area of influence of the sample in 
question, since it is nearer to that point than to any other sample 
point. In combining the group of assays, each sample is given 
its volume-of-influence weight by multiplying its area of in- 
fluence by both the sample length (thickness or depth of bed) 
and the assay value to give a volume-assay product. 


EXAMPLE 3. 


To demonstrate the application of the method, take the « 
hypothetical drilling plan shown in Fig. 7, in which the actual Re: 
spacing of the holes (sample points) and their respective val. : : 
ues are given for an area one-eighth mile square. ay 

The problem is most readily solved graphically with the aid } 
of a planimeter for scaling the respective platted areas, al-° 
though as an alternative method each polygon may be sub- 
divided into triangles and the area of each triangle computed : : 
from base and altitude measurements. The area of influence of #4 
any hole — for example, interior hole No. 10 —is defined by sae 
drawing the lines 10-5, 10-7, 10-11, 10-14, 10-13, and 10-9, con-'# 


Fig. 7. Area of influence method of combining 
irregularly spaced assays. 









peeting hole No. 10 with each of the surrounding holes. Upon 
“s¢hese radial lines the respective perpendicular bisectors AB, 
BC, OD, DE, EF, and FA are then erected to form the 
* polygon ABCDEF, which bounds the area of influence of the 
ee hole in question. This process is then repeated for each of 
feateke-other holes within the given area to produce a series of 
‘ polygons such as are shown on the sketch. The respective areas 

éf influence may then be scaled off with a planimeter accurately 
‘enough for most purposes. A tabulation of the data and com- 
ated results is given on page 58. 
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1‘¢ Mining Engineers’ Handbook’’—R. Peele. John Wiley & Sons, Ine, 
/Ed., p. 475. 
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It is readily seen from an inspection of the plan sketch that 
polygons 13 and 16 are more likely than any of the others to 
be in error for lack of definite data. An additional drill hole 
located near the lower left-hand corner of the plat would either 
assure or disprove the presence of the wide variations in thick- 
ness and value that are now apparent between holes 13 and 16. 


Sample Length 


Hole Arena of (Depth) Volume Volume-Assay 
No. Influence (Thickmens) Factor Assay Product 
1 15450 6’ 92700 $10 927000 
2 13900 9 125100 4 500400 
3 24600 10 246000 12 2952000 
4 27900 8 223200 10 2232000 
5 26050 8 208400 8 1667200 
6 14000 12 168000 5 840000 
7 29250 12 351000 6 2106000 
8 27700 6 166200 16 2659200 
9 20900 2 41800 11 459800 
10 34900 4 139600 15 2094000 
11 27700 14 387800 3 1163400 
12 26000 10 260000 4 1040000 
13 32450 3 97350 6 584100 
14 27100 7 189700 1] 2086700 
15 23500 9 211500 10 2115000 
16 25700 8 205600 14 2878400 
17 19600 11 215600 5 1078000 
18 19150 15 287250 2 574500 
435850 3616800 27957700 
3,616,800 — 435,850 == 8.298 ft., average thickness. 
27,957,700 — 3,616,800 — $7.73 per ton, average value. 


Assuming the specific gravity of the ore to be 3.0, would givé 


3,616,800 X 3.0 X 62.5 
2000 


339,075 X $7.73 —= $2,621,050, total values. 


== 339,075 tons of ore available. 
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EXAMPLE 4. 





*" “Trlengelar Grouping DP ossibly the simplest and most widely 
«* ysed method of combining irregularly spaced placer samples 
-is by grouping into triangles. The area under consideration is 
subdivided into triangular blocks, with a drill hole or sample 
‘at each corner. An average assay for each block is computed 
by combining the three samples in proportion to their foot-assay 
products, and the volume-assay products of the individual tri- 
angular prismoids are then combined to give a final average 
assay value for the whole orebody. 

The degree of irregularity of sample spacing, the uniformity 
individual assays or the degree to which they are erratic, 





portant fade to be considered in adh riine this prethod to the 
ampling job. Particular care must be taken to avoid placing 
due emphasis on any hole by centering too many triangles 





with samples grouped into triangles. A record of the compu- 
ae ‘tations is most readily kept by numbering each triangle and 











> It will il noted from the colGwihe Miculatione that the 
lume-assay product for each prismoid is, in reality, the value 
of the ore in the prismoid. By a tabulation of the results as 
x given on the form sheet a direct allocation of values into in- 
dividual prismoids is obtained in the process of arriving at 
ra the total value for the area and the average assay of the area. 








a 


tha the average result used to are the Sane of the pris- 
moid. The first figure listed under triangle area is the product 
the scaled base by one-half the scaled altitude; the second 
; the 


A Sample 
No. Data 


20'@33¢ 

1 1 38 
16 40 
51 
20'@33¢ 

2 18 45 
15 38 
53 
18'@45¢ 
14 «30 
15 38 
47 


16'@40¢ 
15 38 
13 60 


44 


15’@38¢ 
12 45 
13 60 


40 
15'@38¢ 
14 30 
12. 45 
41 


13'@60¢ 


12 45 
17 30 
42 
12'@45¢ 
19 50 
1730 


48 


12’@45¢ 
14 30 
19 50 


45 


Foot- 


Annay Average Average 
Product Assay Thickness 


660 


570 1870 _ 


640 oes 


1870 36.67¢ 


660 
810 2040 


570 3 
2040 38.49¢ 
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420)..1800 2) 


2 47 
1800 38.30¢ 


=> 


1990 45.23¢ 


570 

540 1890 _ 
net. 
1890 47.25¢ 


570 


1530 37.32¢ 
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oy 1830 __ 
0 22 
1830 43.57¢ 


540 


2000 41.67¢ 
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Area 


of 
Triangle 


Tetal 
Vol. of Prismold Values 


ia 
Cu. Ft. Cu. Yd. Prismetd 


51. _3 21534 Bxri4A 


3. «21600 PI. 
17.00 ft. 21570 Av. 


24990 
25000 


17.67 ft. 25000 


47 _ 35680 
3 35900 
15.67 ft. 35790 


44> 04 30975 
- 32300 
14.67 ft. 32240 


40 _ 32660 
3 32900 
13.33 ft. 32780 


22400 
22300 


13.67 ft. 22350 


30530 
30600 


14.00 ft. 30560 


28512 
28700 


16.00 ft. 28600 


28512 
28700 


28600 


SEES, 
Totals for Area = 144413 59785.390 -: 
$59,735.30 + 144,413 cu. yd. = 41.36¢, average assay value per cuble: 


366690 - 13581 $4980.20 ‘¥% 
441750 16361 


560830 
472960 
436957 


805525 


Triangle grouping of pipe jd spaced samples —arbitrary 
choice of triangles. 


427840 


457600 6b -aie final choice rests with the person who is performing the 

Sorel # blealations. For extreme accuracy, the base and altitude of 

wh triangle may be computed from totals of latitude and de- 

‘partore, or the area may be found by the double-meridian-dis- 

hy tence method. No attempt has been made in these computations 

f ‘to carry the accuracy beyond the fourth figure; the field data 
[tees not sufficiently accurate to warrant such procedure. 


429000 15889 6743.30%° 
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MINE EXAMINATION 
EXAMPLE 5. 


Configuration of Orebody When the orebody being sampled 
is extremely variable in thickness, it is evident that in grouping 
assays special precautions should be taken in choice of triangles 
to obtain accurate figures for value and tonnage. Probably the 
simplest way to take care of variable thickness is to contour 
the thickness of the orebody. This will make the irregularities 
apparent and be a guide to the engineer in grouping the area 
into triangles. 

Fig. 9 represents a plan view of a portion of a placer de- 
posit which has been churn-drilled at irregular intervals. The 
values given for each hole represent feet of gold-bearing gravel 
and value of the gravel in cents per cubic yard. For the sake 
of simplifying the problem, the gravel-bearing bed is assumed 
to be flat-lying, so that the dip or variations in dip need not be 
considered. 

The first step is to sketch the thickness contours on the drill- 
hole plan. This is done by interpolating the thickness between 
each two adjacent drill holes and then connecting points of 
equal thickness. The resulting contours show that the top of 
the orebody, assuming the bottom to be flat, has an appearance 
similar to ordinary surface topography. Triangles are then 
laid out, between holes to include, as nearly as possible, a uni- 
form slope throughout each triangle. 

The mathematical calculation of assay averages is no differ- 
ent in this method from the calculation in that just outlined. 
Greater accuracy, however, should be attained, because a com- 
plete picture of the orebody is made available and the engineer 
can adapt the method to the orebody variations to a much 
greater extent. 

In actual practice it is permissible to assume one surface 
(either top or bottom) of the orebody to be flat only when it is 
a plane surface or nearly so or when both surfaces vary sym- 
metrically from the median. The dip, when regular, can be 


ne** eated because the samples must be grouped, if possible, so as 









Triangle grouping of irregularly spaced samples —based on 
thickness contours. 






* the orebody, the selection of triangles becomes doubly compli- 
Li} deg’ 


to retain plane surfaces on both sides of the prismoids. 
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LINEAR GROUPS OF SAMPLES lag 5 
- 5 feet $30 per ton 
EXAMPLE 6. 8 15 
10 10 
Arithmetic vs. Welghted Averege Computing the arithmetical 1 15 
mean or straight unweighted average of a linear group of sam- 4 60 
ple assays to obtain a composite value is a common mistake ‘ 3 65 
among the uninitiated, and has frequently resulted in serious te 2 15 
error, particularly when rich or erratic ores are dealt with. | 5 Bal! 
This may be illustrated from the hypothetical group of assays 44 feet $320 





of an 80-ft. portion of a gold quartz vein sampled at regular 
intervals of 10 feet by cross channels normal to the dip of the 
vein as shown in Fig. 10-A: 


ay 





| 44-+8 — 51h feet, average width of face. 
“$320 + 8 — $40, arithmetical mean assay value of face. 


: ‘Whereas the straight arithmetical mean appears to show 
ie 5% feet of ore averaging $40 per ton, yet if these samples are 
(weighted according to the area of which each is representative, 
the result is entirely different, as follows: 







_ Ansay-Feot 
Width Assay Prodact 












a 5 @ 0 
: SAMA CHANNELS 5 30 moe 
Bn.@5 8 15 nah 
10 10 100 
wrr@%o T 15 105 
4 60 240 
7 
ries : 3 65 195 
4rc@°60 eo 2 15 150 
fe et 2 
In@ 6S chem 44 feet 1310 (ft. $) 









oy Ora 1,810-+ 44 — $29.77, average assay value of ore face, as con- 

5rr.@*50 pines ; rs | Sa trasted with the higher figure of $40 per 
3 | ton which was obtained by a straight 

arithmetical average of assay figures. 








47 40 


ane 44 +- 8 = 5, feet, average width of face. 
" 80 X 51 — 440 aq. ft., face area of vein. 











MINE EXAMINATION 


EXAMPLE 7. 

Distance of Influence A similar set of assays but with channels 
spaced at uneven measured distances is shown in Fig. 10-B. It 
is necessary, in this instance, to make some assumption in re- 
gard to extension of values in the vein beyond the end channels. 
This extension, as indicated, is taken as five feet, although from 
the given channel spacing, seven feet would be a reasonable 
assumption beyond the top channel and six feet below the 
bottom one. An extension of values for five feet assumes that 
the next channel beyond those shown on the sketch is 10 feet 
away. 


This group of irregularly spaced samples would be averaged 
as follows: 





Area of 
Distance Distance of Influence Ansany Area- 
Sample between Influence of of Each of Assay 
Width Samples Each Sample Sample Sample Product 
10 ft. 
5 ft. 12 ft. 60 sq. ft. $40 2400 
14 
8 11 88 15 1320 
8 
10 7 70 10 700 
6 
7 8 56 15 840 
10 
4 11 44 60 2640 
12 
3 10 30 65 1950 
8 
”. 10 20 70 1400 
12 
H) 11 55 40 2200 
10 423 (sq. ft.) 13450 
(sq. ft. $) 


13,450 — 423 = $31.80, average assay value of ore face. 
Each assay, it will be noted, is multiplied by its length and © 


by one-half the distance to the channels on each side, thus 
weighting each value by the area attributable to that value. 
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EXAMPLE 8. 
Minimam Stopiang Width In working narrow veins or thin 
seams the question of ‘‘ minimum stoping width’’ complicates the 
mining problem and, in turn, affects the procedure of sampling 
such openings. By ‘‘minimum stoping width’’ is meant the 
narrowest stope opening that it is economical to drive in the 
regular course of mining. This can be shown most readily by 
taking the extreme case of a gold quartz vein which, in certain 
parts of the mine, has a normal width of three to four feet but 
which, at other points, thins down to a seam only six inches 
thick. It is obviously impossible to stope a six-inch seam without 
cutting out also a portion of the wall rock in order to make the 
stope large enough for the miners. The narrowest stope width 
in which it is possible for the miners to perform their work 
expeditiously is termed the ‘‘minimum stoping width.”’ 

In the sampling of a stope in which the vein is narrower 
than the stoped opening, the usual procedure is to cut the 
channels across the vein only and to record in the sampling 
“notebook both the length of the channel and the full width of 
the stope at the same point. The sample is then assayed in the 
regular manner, but when it is combined with other assays to 
obtain the face average, its assay value is reduced to that frac- 
_ tion of the total stope width which is represented by the vein, 
‘ and this reduced assay value is then weighted by the full stope 
‘width. In other words, the channel is assumed to extend the 
full stope width, and the assay of the vein itself is combined 
with a zero assay for the additional rock width to produce a 
* discounted or diluted assay value for the full width. 

,« A stope three feet wide is mined along a quartz vein. To 









E the value of $90 per ton for one foot of channel length must i 
averaged with that of two feet of barren rock because the stope 
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68 MINE EXAMINATION 
is three feet wide. The assay of $90 for one foot would, there- 
fore, be equivalent to one of $30 for three feet and would be 80 
used. When there are evidences that the mineralizing solutions 
have so penetrated the country rock of one or both walls as to 
give irregular and minor assay values to this rock, the use of a 
sample channel the full width of the expected stope. will give 
a more accurate total result. 

To illustrate further, take the sampling data listed above 
for Fig. 10-A and assume that in working this deposit the min- 
imum stoping width is five feet. The average assay value of the 
face would then be computed as follows: 





Stope Vein Aasay-Foot 
Width Width Assay Product 
D H) 30 150 
8 8 15 120 
10 10 10 100 
7 7 15 105 
5 4 60 240 
5 3 65 195 
5 2 75 150 
4) 3 50 250 
50 1310 


1,310 ~ 50 — $26.20, average assay value of the stope face. 
50 + 8 = 6.25 feet, average width of stope face. 
80 < 6.25 = 500 sy. ft., area of stope face. 


It will be noted that in this instance the assays of all vein 
widths of less than the minimum stope width of five feet are 
diluted with zero assays to apportion their values over the re- 
quired stoping face. This is most readily done by taking the 
assay-foot products in the regular manner and then dividing 
the total of the assay-foot products by the total of the face 
widths at the points sampled instead of by the total of the vein 
widths as in the previous problem. ‘ 
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In estimating ore values, it is sometimes advisable to sample 
only the orebody and apply to the values so found the cost of 
Ho ‘mining necessary to extract these values. In this way the rock 
a dilution attendant upon thin-vein mining is applied as addi- 
MN sonal cost rather than as discounted assays. The final net re- 

*' mit is the same in both cases. This procedure is especially ap- 
plicable if sorting can be practiced underground and the waste 
material stowed in the openings as fill, so that only the ore 1s 


hoisted and treated. 





BLOCKS OF ORE 


EXAMPLE 9. 


\ Combining Averege Face Assays In order to demonstrate the 
2 combining of face assays so that the average assay of a block of 
ore may be obtained, assume a 30 X 40 ft. block of ore in a gold 
quartz vein which has been sampled on two sides at regular 
10-ft. intervals by cross channels as shown in Fig. 11. The cal- 


ulations are as follows: 









BuocK oF Ore 
vo aa 


ESTIMATED 


Varnica Lonasrunmar PROJECTION. 
Fig. 11. Block of ore defined by sampled faces. 
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FACE AB FACE CD 
Sample Assay Foot-Assay | Sample Assay Foot-Aasay 
= Width Value Product Width Value Product 
4 ft. @ $40 — 160 2ft. @ $60 — 
7 #@ 12 — = 84 5 @ 40 — 200 
5) @ 36 =— 180 7 @ 10 — 70 
8 @ 10 — 80 6 @ 15 —' 90 
24 ft. 504 20 ft. 480 


504 — 24 = $21, av erage as- 
say value of 
face. 


24-4 — 6.0, average width 
of face. 


40 << 6.0 = 240 sq. ft., area of 
face. 


480 — 20 — $24, average as- 
say value of 


face. 
20 + 4— 5.0, average width 
of face. 
40 < 5.0 — 200 sq. ft., area of 
face. 


$21 & 240 sq ft. — 5040, area-assay product of face AB. 
$24 < 200 sq. ft. — 4800, area-assay product of face CD. 
9840 + 440 = $22.36, average assay value of entire block. 


Assuming the specific gravity of the ore to be 3.0, the ton- 
nage and total value of the ore in the block are as follows: 


3 
30 & 40 (3-") — volume of block — 6600 cu. ft. 


6600 & 3X 62.5 


= D 
2000 618.75 


, short tons in block. 


618.75 X $22.36 —= $13,835.25, total value of ore in block. 


EXAMPLE 10. 


Estimating Average Assay Value ef Blocks ef Ore When esti- 
mating the average value of a block of ore that is exposed on two 
adjacent sides (two sides being necessarily adjacent when 6 
block is exposed on three or four siden), the enginecr encounters 





TOTAL ARGA 
| or Brock 
1200 


aq. Pv. 













Fig. 12. Weighting of uniformly spaced samples. 






problem in weighting which belongs among the debatable 
iy refinements mentioned previously. To demonstrate this situ- 
: ation, take an example such as shown in Fig. 12, in which a 
rectangular block of ore 30 feet by 40 feet is bounded on all four 
‘sides by mine openings, with ore values visible on each exposed 
face. In order not to complicate the problem further, assume 
%) the block to be a portion of a uniform and relatively thin vein, 
ss that the drifts and raises expose the whole thickness of the 












. channels at 10- ft. intervals and to estimate the average assay 
BE atue of each face, the tonnage available, the average assay of 
the entire block, and the total values available. As shown in 
fie longitudinal section, the channels may be laid out in two 
i oh . ways — with the end channels of each face at the corners of the 
: mee, block or with the end channels of each face located at a half- 
Fim > interval (5 feet) from the corners so that there are no common 
Be ehannels. 
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TREATMENT OF ABNORMAL ASSAYS —In the sampling of any 
orebody the purpose is to 
have the samples represent the ore at all points. An orebody 
necessarily fluctuates in value content from one point to an- 
other. It may have lean or barren spots; it may have rich spots. 
Sampling is intended to show these variations. Any cut-and- 
try procedure such as sampling, however, is liable to error; the 
samples may skip a lean or rich spot or they may, by chance, 
hit only the lean or only the rich spots. These eventualities 
give erroneous results and, since the results are seemingly con- 
* gistent and the field data apparently normal, serious operating 
4 defects may exist until the truth is surmised and the error 
‘detected. 
vv On the other hand, in the course of testing an orebody some 
S few samples may vary from the mass in such a manner as to 


Sample Spaciag Either of these layouts will demonstrate the 
point in question — namely, how to weight the individual sam- 
ples and the average assays of the various faces when combin- 
ing them to compute an average assay for the entire block. 

The average assay of each face can be computed for either 
of these layouts by the foot-assay-product method already ex- 
plained, with one modification: the assay value of the corner 
channels (Fig. 12-A) must be given only one-half the weight 
of the intermediate channel assays because the area of influence 
attributable to these corner samples is only one-half that of the 
others. This may be readily seen by reference to the sketch. 
Also, if strict adherence is paid to the areas of influence, the end 
samples on each face in the layout shown in sketch B should 
be weighted only three-fourths as heavily as the intermediate 
samples; in fairly uniform orebodies, however, this is rather an 
unnecessary and impractical refinement, one of those contro- 
versial issues that continually crop out when sampling problems 
are under discussion. If the orebody is extremely rich or erratic, 
the channels will be spaced at closer intervals, and the end 
values will drop in relative importance because of the larger 
number of intermediate values with which they are combined. 





































ae happened to have been taken at a rich or a lean spot in the 
- Unless they can be retaken in the field and their assays 








ake averages or else to raise or reduce the conspicuous sam- 
t+ ples to the average of the surrounding points. This is obviously 
tampering with the data at hand, and such manipulation de- 
mands analysis of the situation on the part of the engineer. He 
must first of all be certain that the samples really are abnormal 
or erratic and then decide what, in all probability, they should 
have assayed. To be on the safe side, when only a few such 
‘ walues are involved, most engineers scale down the conspic- 








Face Influence According to the methods already outlined, 
the average assay of each face is weighted according to its re- 
spective face area when combining to obtain a single average 
for the block. This, though a practical weighting, is not mathe- 
matically exact, as can be seen by referring to the dot-and-dash- 
lined (- . . . -) areas of sketch B, wherein, of a total of 1200 
sq. ft. of area in the entire block, 375 sq. ft. are apparently at- : 
tributable to each of the long sides, and 225 sq. ft. to each of the ‘“% 
short faces. This gives a ratio of 3:5 for the ends to the sides wi 
instead of a 3:4 ratio based on the lengths of the sides and ends. 
Assuming uniform thickness of vein throughout, this difference 
would change the volume weights by 15 percent. 













ite the estimation of tonnage and 
3). -walues can be handled adequately by the classical methods. 
:« These are the methods of sampling and weighting that have been 
" eseribed ; they are fundamentally sound in principle, rela- 
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tively simple to apply, and well understood by engineers and 
geologists. 

Exceptional situations may call-for special procedures in the 
combining of assays to give accurate results. These, generally, 
will relate to specific characteristics in the material being sam- 
pled, such as particle size and distribution, or loss. by solu- 
bility of critical elements or contaminants. An example might 
be a placer gold deposit in which much of the gold occurs as 
fairly uniform, fine particles but with which are associated some 
amount of large particles and nuggets. The deposit is tested 
by drill holes. The larger particles, being much less in num- 
ber in proportion to their value, have less chance of being in- 
cluded in a sample than the uniformly distributed small parti- 
cles. Further, inclusion of a large particle, or two such particles, 
or a nugget in a sample will give higher than average to excep- 
tionally high assays. These may appear to be erratic values. 
But if all the drill holes, by chance, missed large particles, the 
final result would be below the true value. In sampling and esti- 
mating a deposit of this type, some gauge is needed to bring the 
values into their true relationship, one with another. Analysis 
by grain count and probabilities! may offer a guide; so also may 
consideration of frequency distribution? of values among large 
groups of samples. More often, experience gained by operating 
companies through years of correlating daily field samples with 
final production will have developed suitable corrective meas- 
ures to compensate for such troublesome values. The examiner 
will do well to seek out these experience factors whenever the 
situations that prompted their adoption are comparable to the 
conditions surrounding his problem. This is not to say that, 
carried to their ultimate, which often is impractical from the 


18wanson, C. O., ‘‘Probabilitiee in Estimating the Grade of Gold De 
posits,’’ C.I.M.M. Trans., Vol. 48, 1945, pp. 323-50. 

2 Truscott, 8. J., ‘“Mine Economice,’’ Mining Pub., Ltd., London, 2nd Ed., 
1947, Chap. 6. 
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standpoint of time and money, the classical methods would not 
reveal the true measure of the variables. 

In the final analysis, mill recoveries or smelter returns, with 
» due allowance for mining and treatment losses, will be the 
SY standard against which the field sampling and ensuing compu- 
oy tations must be tested. Mathematical manipulation which at- 
tempts to improve on the accuracy of the original samples is to 
be avoided. Errors in the sampling can be corrected only in 
the field. 
ms Much has been written on the mathematical theory of sam- 
i pling. It would be futile here, in outlining the basic procedures 
efor the sampling of mineral deposits, to digress into such theory 
which is widely applied to problems involving variables whose 
limits are either known or can be defined. The number of vari- 
\” ables that affect the sampling and estimating of mineral de- 
e posits and the indeterminate nature of some of them prevent 
3 < rigorous solution. The assumptions that must be made in regard 
ty these variables, in large part at least, are not susceptible 
: BY to rigid formulae, since they relate to the geologic nature of the 

















© 


THIS PAGE 
INTENTIONALLY ~ 
BL ANK 








° 


q 


USBM IC@ 33 
Computing Reserves 


of Mineral Deposits 





COMPUTING RESERVES 
OF MINERAL DEPOSITS: PRINCIPLES 
AND CONVENTIONAL METHODS 


By Constantine C. Popoff 


* s * ny a a 5 a s s s information circular 8283 





UNITED STATES DEPARTMENT OF THE INTERIOR 
Stewart L. Udall, Secretary 


BUREAU OF MINES 


Walter R. Hibbard, Jr., Director Reprinted by: 
Bureau of Land Management 


Phoenix Training Center 








This publication has been cataloged as follows: 


Popoff, Constantine C 
Computing reserves of mineral deposits: principles and 
conventional methods. [Washington] U. S. Dept. of the Inte 
rior, Bureau of Mines [1966] 


113 p. illus., tables. (U.S. Bureau of Mines. Information circular 
8283) 
Includes bibliography. 


1. Mines and mineral resources. I. Title. (Series) 


TN23.U71 no. 8283 622.06173 


U.S. Dept. of the Ince. Library 











CONTENTS 


e 
ie) 
m 


POS CE ACE oooh oh hand dio ondydh ot whe! oh ole) 01 446? 4h ahel ois) «) 6. 000% oh 08 02 oy 6) 0) oy 0: v1.0) shovbD ele! Palle, 0, Shdfsye, 5) Slolafeleleje, ote oe 
PACT OGUGHLON wo naan Ads aod Adhere cae cS AAAN AAA Do IG. ARAIIBRA LATANDe 
Acknowledgments. .cccccrccccccccccsccccececsccvsssscescsssssessssesssssces 
Part Ve bs sh ei 1D LOS: jot cusycucho ot eetolshel Se chegeh ade ARMA ahah eheRehwee ads LISTehe che leyel sPSTTasetehdie.o,0 0 « 
GON OL a Licata a cided Hatch diel ol oh of siist Neh shel oNel ohst adh aur atom chores wy ches oi on SL ahslo, Maisie shale siajeishelele,o,e 0 « 
Significance of computations... .cccrccccccvccesccsccccscsccccens 
REQUITEMENES cc cece vcccccvccccccscccccvscsesescccsesvesesecevece 
Griter le «FOr sMesnOd 05. LEGELON crc: 4 Msiclore sto cdo Sislevelelale alele sieislabsleleyeo 6s 
Computing reServes PrOCedUTe....ccccccccrcccccccccvccssescsccssccees 
Analysis of exploration data... .ccecccseserccccccccccsccccscecs 
PHOCCUULC 6 6 Cosi did Hor Hels tere none dane ht hs toh els AMobehs sts stotcustase 

Maiaty @ VEMEN US sca. sislarctatatetelststels cisie siolsicydie ololetote stone slotalelsiaiele dladele. 5.0» 0 0 6 
BaStGsassumpt LOWS ateth. ssttthe. clatde Sekilslotstehs stk Meldetdin adie st eeTl Mel aeiels occ cc cee 
BrINCLip LESsOG «LNVEL Pre ataOMsrs:s Galetstctdbcts shalacldacls Ielssietislsisiicls pep cee pee 
Rule vofeera dual CChanges iti. sis Sstsic dhe sil ols ols sislawlelcveleysicle @ aleasle sce 

SMa Ghnema GL Cabs DIKOGCAUBE ot ona oto Mekedel So Sadek Fito oldalerel seh « Madea Fle ss 2.2 

GraPNhiG spPEOCEAUREls aa. Sil. Si. aks hcl olesave sdelele olsdelgioblos cee ccnses 10 

Rule of nearest points, or equal influence.......... i aa ato, oes she 12 

Case of two underground intersecting workings..........0-- 13 

Gase so «two sparallelpwORKi Nes: ndisha acverci oi stot oe, Stone of GALA AL 2 <4 Mg) 

General case of underground workings .avncJam. anijosas: Bt. 15 

Case of equilateral triangle....... DAN. TR. RASA AANA Sate 56 60 14 

Case of an obtuse triangle....... ebm arctaye  sctatewe SettenSISON ches « 6 < 14 

General +casé ergs d aide ddsid dadslisiedetacaes AUMMMT A NaS, ay 8i eb, Ps 15 

Geologic and mining inference... .crccceceveceveresevererececece 17 

Rule of generalization. ..ccccccccccvccccccrcccccsesecsccsesrcces 20 
Variability within mineral depoSits....c.cvcccvcccesesesccreros 20 
WELGHEING . os dec derededidcdvccloonnmecrvocccseccescscclecccennceces 21 

APP LECA ELON 4 3.5 5 cists so ab dai diate clalelstelel su ofsl dia’ o aychal ei dtelatens elslelatels) eialsidisicle os 22 
COMPULACLONS 25 6 6.6.5 6 65.6 6 66 6.6 Hdis 6.0/0) 6 6 Heeiaiel eee Vel oe 6 0/5840 dele slslaleleieeeces age 
BaSic PATAMELETS 6 o 6 oc eiwid des os oo viele elias 6 oe ceric ae SMORGANAM As, ccs. 23 
Thickness and area... cccccsceee 6 dyshaha} dptnane are Pr es Re: by CO ; Zo 
PEANIMECECTENG « 6 6.6.6.0. 6.6. 40h0, dae aisle euehelo iene PAG br Asta. HOAaS 23 

Temp lateS risoc0w oes nsec so Se eet aa Ca elate. Seloas Se thejslenchelecehone,sy040.° 23 
Geometric. computations....... BASE he Tier SIMS AccsvAa F. 5 ZS 

Tndivect sMCtnoGs 4 ¢ 44.16 aaayeys anche sneneineteloege le: ecoe AE a So a) Oso ees 27 
Volumessacssdccee cies eee ree Oe OG Cn OL eM) 
WELERE s 65.4 6 6 6 6.8.6 65.6 8:6, 6,670 6.5.0.0 4 di6yd 646,09 bidNo dele SUED ie. CCHS cPLA kncisE aL take weus,s em 
Tonnage FactOrS..ccerecececroes gah iekaas sgare. erate AYER eISter lee Bey) 

Specific gravity. s.cosccccsccccccssessscvsescccscssesssess 28 

Convers lonsformulasc... Vs ie. ce Seis ® hbase ter she MONEE ca: ete pais =e 72 28 
Cradev sy ss 00024 e 0 59 casey vse oe Pins his Se ee St 2S. Weis ale ky wee 29 
EFrOrsS.:333% 555% 8 be 66 ES SDs 2 9.9.0 Shee +258 bteye <badeue sivtet eis 2 ald epee sm © 
Accuracy versus precision.......... eek te eo lole ats oo SRG sie Wie pee * 
Errors of interpretation or analogy........--+ee- ee TG GEG, «+ os 3) 


ODOM UMNFEFRBWNHNNNKYE EF 


ii 


CONTENTS--Continued 


Analytical. ..sccscesevsescccesscosonsccesussscsuuns emus ssi ¢icir tis 36 

Part 2. - Conventional. methods....ccecccccccccecccrscrsccvcccsscscccccces 36 
General features and Classification...cccocccccsvcccccccessssccccves 36 
Average factors and area methodsS.....ssssccececccccssccccccccccccces 38 
Assumptions and characteristics featureS....-sececeseesorereces 38 
Method of analogy..ccccccccccccsccvcccvccsssvcccscccsccssccrces 38 
Average factOrS...cccccsccccrccccccrerescccccsccccesscrers 39 
Statistical factOrS....cecccccccccarvvcccccesssscsscscrvers 41 

Method of geologic DlOCckS...scscccscccccsccecscccccscesrreccccs 42 
AdvantageS..sccscccccccccccscccccccccecssscscrssscrcssssssssees 44 
Application. .cccccccaccnccccas sisisics isis ceidien slesiescecersesiesecces 44 
Mining blocks method....ssesscreccecccscceccssccccsscssscsrccscccess 45 
Block exposed on four sides by underground workingS....sccceces 47 
Determining average factors for each working....+-secceess 47 
Determining average factors for each block....+s+sesceeees 47 

Block exposed on three sides by underground workingS....secsees 48 
Block exposed ON CWO SIdES...esessercecccecesressceccrcrererrcs 49 
Underground workings on two levelS...eeseeseseeerceecs sheet 49 
Intersecting underground workingS....-secceccresseccoreees 49 


Block exposed on one level and intersected at depth by drilling sys 
Applicatdons pac sai, sale ant ic epee Lod lavaa: ovd-Se- ey es eres Oe alec ao c 








Cross-section methodS....crceccvccscvecsecccees sane DWAR aa« Cee ccs = 54 
Principles and requirementS......-..--- pdt dynget ec gy gpa rronnvenonamenatens 54 
Standard method--parallel sections...... Hise stage Ro. anal): s+.4 siete ee 56 

Procedure@adcuscaannwens 44545 eee wade Pree ee ee 56 
Volume computationS....-cerecesccecccreres Sao Hh nats << 56 
Tonnage computations...... ao 0s, eae Ls MARNE s FB ihe est syste o oe’ 65 
The standard method for nonparallel sSectionS.....-eeeeeseeeorees 65 


Angle less than 10 degrees..... Rese Py er ee ee, 
Angle greater than 10 degreeS....e.seeeeeeeeeees Pe eres 68 


Linear method..... PEAR E NN A RPG PP SR HEN a's emanate syerehey 68 
Advanta ges «sneasts naa « camcuunenesanes 444 Gnneeeiaa- Bugs: «26: 69 
Application... aie ey Ai yds 54, Se OT as o Mates Hwee demmnlgihe> «sss 70 
Method of isolines.......... ee ee aloe dus Paired He Pisce tno yates Va 
Principles and formulas......sseeeseageeees « me Sat aes sss 6s eeleias Ve 
Requirements, Pic yesce ed ee Ree On. Qdaes rey ee be) 
Application Mi2.loa) . meee ye alkltelahids « Abe eoety Gabe hie< «5s 5s ‘ 76 
Method of triangles. ..ccccccccccccccccccseccecsessscecvesccsessreees 78 
Principles and formulaS.....seececseccrcccveccesesescrecs ea ais 78 
Procedure. saawape ccacarstsescunnea eee smame mena Pot Ve Oe the 
Laying out the triangles.......e-eeeeee Ho OS Te DO oo ninien oie nas 79 
Determining areas of individual triangles.........--+++e+e- 7S 

Studies by different authors......... 6 eazee bh upee oi 4 Cee Cale 81 
Modifi¢ations. J. se. asesn eae ay Wee eae LPP eT Pe eee setewns 82 
Distinctive. featureS....seseeces » wok us ERCP TCT Cea eT CO 84 
Application..ss» esos «sete. Cit Ge TG 2 fAak TeTRCE CLERECET LS ot ee 84 





Method of polygons..... sil aey ice ale 4 ¥ eid in aoe oe Ve pare cal os eb Ba 3m Bee» sau : 85 
Principles,.ss»-. PE i eee ee sales Sea wed es eMGOIGR «clan cine 85 








ses BL 


CONTENTS--Continued 


Page 

Procedure and construction of polygons........- Es Bie ts s a.0 01% oe 85 
Case of vertical holeS....cccsccccccsecererccccesrererrcns 86 

Case of linear Warleikie®. Net Mette One Wat -neeeidtrel> cedeprloar 87 
Principal formulaS.....ssecccccccccrercccrcrccvscrereccercrseecs 87 


Irregular distribution of drill Holl esha! inate Avie divneistese wietenese 87 
Regularly spaced drill holeS.....sseececeeeerercecccreecs 88 


Requirements, advantages, and limitationS....cccseccccscccceces 88 
Application.....csesccccessscrceccsess CLR as Steel « Z agPaleneze 89 
Comb Pred MECH OAS orcs scl et elato: sterersrebel ot el otensrauaneranelans:, 6:4) 6)8, 0/00, op e]el ¢leleieiele She) eyelaae}eye 90 
Source of errors in reServe COMPUTATIONS. ..eeeeereeeeerrcrecececrecs 92 
GUY SN SE a tele A oa at ahsl hatchet atgtolaienah onotevenons ehatnssennmassnnnavene shall?’ #e $e" 6 Sic icone 92 
BLD PLOSLA DIY seid pare Ane ool ate helohetorsreeiavsiens « shererncis love Slate 41 alah epaIy> seieke “(cis agateye 96 
Appendix A. - English and metric systems, and conversion factors. GireudstiaA 102 
Appendix B. - Usage of various methods for reserve computations for 
solid mineral deposits in U.S.S.R...--- MIM. aati. aoc MANTEL Wilsiers yp 103 
Appendix C. - A comparison of reserve computations made by various 
MELNOdS (UNS SERS) Ned «sre estelsatets stebslelele cichoreres siisie' aisseaseeravegernre S74s¢}#)e¥/7 ds eRei tis 104 
Appendix D. - Formulas....--eeesseeeeseeres ATI Malet alten. eare Da Me, Oe ea ODT te 105 
Appendix E. - Glossary.....-- ih pare Mes 7 MEPS. Sitch. srere eye epinees yslaysr tthe tose bins Lis 
ILLUSTRATIONS 
Fig. 
1. Transforming a true mineral body into an imaginary auxiliary one... 6 
2. True, horizontal, and vertical thicknesses--analytical relationship 7 
3. Analytical interpretation of values between two adjoining stations. 9 
4, Finding the location of point D with thickness 5 feet by means of 
VOCEOLS SUIT EERE FOE dS adds 66 ow oo Ou a 0% 80: 6.0 Revels € Ris ROMIS H+ Muy A O's © A ° 10 
5. Finding thickness ty For point D..-.--seesecsoeccccccsecrrrerccsrr® Ld 
6. Finding thickness t, for point C and finding point D for thickness 
t, = 5 feet by means of a special template.....cseeeeeeees OST Gre 
7. Interpretation of values between two adjoining holes in section.... i2 
8. Template or guide to find the midpoint between two points...-- sian go aan 13 
9. Angle bisector manner of interpretation of values between two 
intersecting underground workings........ ree hp aac S shee «settee 14 
10. Interpretation of values between two parallel underground workings. 14 
11. . Interpretation of values for the case of parallel and intersecting 
HOLLIES 2 ee othe tts ofa tee eo Biarettinl le emis reed ofea senile oD IRIN oet sh Seewero ene + sa 14 
12. Construction of areas of influence in equilateral triangles.....--- 15 
13. Perpendicular bisector versus angle bisector manner of constructing 
areas of influence in obtuse triangles.....--scercsscccerssserces 15 
14. Correct construction of areas of influence (polygons) by 
perpendicular bisectOrs...+«+essesseeresererss*: Mere miei & a; orapeEtcavese. © 16 
15. Incorrect construction of polygons by angle bisectorS.---++-++++-e> 16 
16. Areas of influence for quadrilateral figures. (Rule of gravity.).. 16 
17, Areas of influence for quadrilateral figures. (Rule of nearest 
POintS.).--ereccessecerees Spas et SSO OO an Gin No : 17 


18. Areas of influence for a square to TSC ROTM ao a.<.o siwseiinrs. o 0 slee 606 oa Somnelw * ofl 


iv 


ILLUSTRATIONS--Continued 


Area of influence for an isolated hole......ecececsccees 


@eeaeeeeoe0eeesve? @ 
. 


Geologic interpretation of areas of influence between two 
adjoining StatiOnS....rcsssccccvccccccccsrscssceseccccccvccecsecs 

Construction of geologic blocks on the basis of structural changes. 

Square pattern template....eecesccccvcseccceccveccrecscccsccceccere 


Dotted pattern template... cccccccccvecccccsscsccccccveece 


Parallel lines template... .cccecccccccrevevesecscccrcccrccccessssoes 
Trapezoid LOLMU Lar secte) oh over oF eve oF el cen choses oceuesen cy oucse) 00, 0;0, 0, 0,010.6, 0, 0, 0 efatayelolejelc sielesel ete 


Trapezoidal Til b WO ts oh ah eh oh ated od ov ch ed cuencldlelelaleliatasotalistade eheletaletslote allele ohexe 
Simpson's rule for determining areaS....seseeeeeeeecces : 


Accuracy and precision of chemical analysesS........-seeceeesseeeees 


Arithmetic average method of computing thickness........ 
Geologic blocks method........seeeeeoeoes dais alee stabs rs These. & 
Mining blocks exposed on four sides......... oe, ale abe o siatel abe 
Mining blocks exposed on three sides........... o éfébahel ayaa) 


Mining blocks exposed on two sides (vein ehieinese less than the 


width of workings)........ ain aga sees bak a ASR F 


Mining blocks exposed on two sides (vein thickness more than the 


WLOEh Of WOCKLNGS) «a0 095.0 wie ce © 6 slates a oats a erste ainiews cil 
Mining blocks exposed by drift and drill holes..... ners 
Block layout by cross-section methods........... avare wis is 
Cross-section methods--standard and linear.........2-ee- 
Standard cross-section method (parallel sections)....... 
Frustum formula versus mean-area formula............ Lavy 


Truncated wedge--standard cross-section method........ Bsige S gnaitintl at 
Blocks between parallel sections. Influence of the shape of areas 


on volume computations.......... GLa OA a are erars ate aaa ee stats 


Construction of auxiliary area R for Bauman's formula.......sceeees 


Section and linear reserves--cross-section methods...... 


Standard cross-section method for volume computations--nonparallel 


sections. eeseeeoesese3seee@ eoee#2uee#e eeoeeete#eeeve@#e#3#see?e @eeeee0e9s#2ese3e2de# 
Linear method--block between nonparallel sections....... 
Method of isolines. eeeeeeeeseeeeeeeseeeveseeeeseeesteeeseeeeeweeneeeeoeeeee 


eeceoevoevevenee ee 


Isopach and isograde maps for reserve computations--method of 


isolines .Guviiwses eeoeoeeevee0ee0 e@eeoeoeoeveeveveeeveeee8e @ eeceeosveoeeeeee 
Method of triangles RAL ING .29 ees e@eeee0eee? @cecoeeeveeveeeeeveece @ 


Two manners of construction of triangular prisms for a rectangular 


PULSE STA LA arele wib-whote louslo is aftde ol SINEbie > ofl eo E> «Es ait *ats “stags 
Method or poly Zornstnne ERE Ee SLR Glin gey oe ielore ox 
Regularly spaced drill hal asemened of Scie ddrids ery Ve 


eoecoeoeoveee @ 


Page 
18 








TABLES 


1. Principles of interpretation of exploration data used in 

construction of blocks and reserve computations......... bates eucteles Yay 
Qe technical. errors) ini determining basic parameters....ssccecsccsecess 33 
3. Permissible average for random technical errors in chemical 


ET EIS A id CAB DCR CO ORR a Ck eae pater s esterase’: : 34 
4. Usage of various methods for reserve computations for metal mines 

MPU UC CORSLALCSiattietsalcteictcisle stele oie) att eo slates ele s\a\elele' es o's ela ei. 6 «ois! s 0 e'b16 37 
5. Determination of average thickness and average grade for a block 

Dyeabetnieticuay erage =PrOCCdUT Onis al. Ms icisis «66 ce else s's)e oe ose ose se 40 


6. Determination of thickness-weighted average grade for a block...... 40 
7. Computation of reserves and average factors for the entire body.... 41 


8. Reserve computations--method of analogy......... Bctehe elise stele sisi ctuie bie 42 
9. Determination of arithmetic average of factors for individual 

MA Gian nacre GH ae 6 SOG. GF Sc tie 5 Aig aa Ie ada aa Wie eickhk otetete<teie wees 46 
10. Recapitulation of reserves for mineral body py categories) and 

determination of average grade........... etaleRids evs one okete oe ilin es wtere eos 47 
11. Computation ot reserves by standard method se erossysections. 32.50. 57 
12. Application of various formulas in computing volumes of solid 

Dod essin standard crOssmSeCLiLOnemeLhn Od ..c).0 2 Ssiels sae oe 6.0 Geleieree cea at 
13. Determination of average arithmetic grade for each triangle by 

Prt a re met NOU cists ol stets tots avocepepes ole! suismees AIEEE AP EPS A ROR ORD 80 
14. Determination ot thickness-weighted average grade for each 

triangle by triangular method......... oH oieks oes BVaei ah ci ci at lakthevevcnels. viele, she's 80 
bo pemcOmpuLation, oOo: reserves by polyeona li methods. cadest. di. te NAS AS. Ost: 86 


FTHIS PAGE 
F INTENTIONALLY 
BLANK 








COMPUTING RESERVES OF MINERAL DEPOSITS: PRINCIPLES 
AND CONVENTIONAL METHODS 


by 


Constantine C. Popoff ' 


oe 


ABSTRACT 


This report reviews and analyzes, by a simple analytical and logical 
reasoning, the conventional methods of reserve computations of mineral deposits 
described in various domestic and foreign publications. It brings together, 
formulates, and evaluates the principles underlying interpretation of explora- 
tion data; and ties such principles to the proposed classification of methods. 
The material is discussed in sufficient detail to allow general application. 


INTRODUCTION 


Computation of reserves is recognized by the mineral industry as a dis- 
tinct operation of increasing importance in the evaluation of mineral deposits 
in all stages of their development. Previously, valuation was based on facts, 
experience, and intuition; methods have inproved because our knowledge of min- 
eral deposits, sampling, and mining techniques has increased. 


Originally, computation methods followed practices of earth excavation 
and road construction, both standard surveying operations. Advances in earth 
sciences and engineering resulted in the modification of old and introduction 
of new methods. 


The purpose of this investigation is to review some of the common methods 
and their modifications used in reserve computations of mineral deposits. The 
scope of this paper is limited to solid mineral deposits (that is, metal, non- 
metallic, coal, and oil shale), because the background data required, proce- 
dure, and methods for water, oil, and gas are dissimilar. An attempt is made 
to systematize and standardize the methods and terminology. 


For convenience, the paper is divided into two parts. The first, 
"Principles", deals with assumptions and scientific principles underlying the 


l1Former mining engineer, Bureau of Mines, Area VII, Seattle Office of Mineral 
Resources, Seattle, Wash. 
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use of various methods, and provides a general discussion of the elements of 
computations, procedure, and errors of interpretation. The second part, 
"Conventional Methods", covers the following methods and their modifications: 
average factors and area (analogous and geologic blocks), mining blocks, cross 
sections (standard, linear, and isolines), triangular and polygonal prisms, 


and combinations of these. 


The text often refers directly to ore deposits, because the problem of 
computing their reserves is generally more complicated due to diversity of 
form and size of mineral bodies and irregular distribution of values. The 
same methods are used for coal and nonmetallic deposits. 


Statistical analysis is a valuable tool of research for all the methods 
of computations. Application of various methods of statistical analysis to 
sampling and exploration data is under continuing investigation by the Bureau 


of Mines. These methods and the use 


of computers for reserve computations are 


discussed by the Bureau and other scientists in several recent publications. 


They are beyond the scope and intent 


of this paper. 


Reference is made to "exploration workings for brevity; however, the 
text applies to mineral deposits in all stages of exploration, development, 
and exploitation. In the latter case, computations are particularly critical 


from the standpoint of economics but, 
and routine operations. 


once accepted, are usually subsidiary 
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PART jl. 


- PRINCIPLES 


General 


Significance of Computations 


The purpose of reserve computations of a mineral body is to determine the 
quantity, the quality, and the amenability to commercial exploitation of raw 
material (ore, rock, coal, etc.). Computations are made during all stages of 


the life of a mining enterprise from 


discovery to robbing pillars and closing. 


They are the most responsible and irreplaceable tasks in the valuation of a 


mineral deposit. Efficiency in extraction and productiveness is impossible 
without accurate reserve computations. 


Reserves are computed to determine the extent of exploration and develop- 


ment; distribution of values; annual 


output; probable and possible productive 


life of the mine; method of extraction and plant design, improvements in 
extraction, treatment, and processing; and requirements for capital, equipment 


labor, power, and materials. Such computations are used to assist development 
planning; to determine production costs, efficiency of operations, and mining 
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losses; for quality control; for financing mining ventures; for sale, pur- 
chase, and consolidation of companies; to determine the production cost per 
unit of a marketable product; for accounting purposes such as depletion and 
depreciation; and in some States for tax purposes. 


Requirements 


No computations are justified unless called for and used; they should be 
made when required. The ideal method should be simple, rapid, reliable, con- 
sistent with the character of the mineral body and available data, and suita- 
ble for rapid checking. Computations are expected to be inexpensive when 
compared with the cost of exploration and development, and therefore, more 
complex methods are sometimes justifiable, particularly when labor-saving 
devices (calculators and computers) are available. In selecting a method, the 
peculiarities and conveniences of automation should be considered, as well as 
the magnitude and accuracy required. 


The method should be selected carefully, procedures worked out in detail, 
and computations made accurately. Formulas should be simple. Properly 
selected procedures will facilitate the process of computations and provide 
the same degree of accuracy as more complicated methods. 


Objective treatment of factual data is considered by many earth scien- 
tists the most important requirement. Harding, for example, states that his 
studies and formulas were provided by a desire to find "a method of calculat- 
ing which eliminates all factors of test and judgment and rests on pure 
mathematics, ...a method which can be handled almost entirely by a calculating 
machine" (13).# 


Computations should also meet the purpose of the valuation and, when 
appropriate, illustrate the distribution of variables. 


The reliability of reserve computations depends chiefly on the accuracy 
and completeness of our knowledge of the mineral deposit. It also depends on 
assumptions accepted for interpreting the variables, on boundaries of mineral 
bodies, on accuracy of averages, and on mathematical formulas. Requirements 
for the quantity and the density of observations for a certain category of 
resources depends primarily on the size and type of the mineral deposit. 


During the last several decades the accuracy of computing reserves has 
gradually improved. This was made possible by outstanding advances in the 
field of economic geology; increased specialization; improvements in explora- 
tion, sampling, mining, and valuation; better interpretation of field informa- 
tion; use of statistical analysis; and more efficient management. 


The growing use of data-processing machines has made it possible to 
record large amounts of exploration data in the form of punch cards, punched 
tape, magnetic disk, or magnetic tape. The computers permit application of 


<Underlined numbers in parentheses refer to items in bibliography at the end 
of this report. 


two or more conventional methods and produce improved accuracy, increased 
speed, and labor and cost savings in reserve computations. The techniques 
and advantages of the use of computers are discussed in several recent 
publications (12, 21, 23-25, 38). 


Criteria for Method Selection 


In general, selecting a method for reserve computations depends upon the 
geology of the mineral deposit, exploration method, availability and reliabil- 
ity of factual data, purpose of computations, and the required degree of 
accuracy. 


If computations are preliminary or are required immediately, simple meth- 
ods, which do not demand construction of special maps, are selected. if com: 
putations are for mine design, the method selected depends on the contemplated 
mining system. The cutoff grade, recovery, dilution, efficiency of equipment 
and labor, and cost per unit of output vary with the system of extraction. A 
simple method may be adequate for open pit operations when selective extrac~ 
tion of waste or weakly mineralized rock is excluded. Computations of 
reserves for a bedded deposit is less complex than for high-grade, small 
volume, stock-type deposits with irregularly distributed values. 


Exploration, whether random, by grid, or by cross-section lines, may also 
influence method selection. It is often desirable during exploration to use a 
method permitting step-by-step addition of reserves to previous figures 
instead of periodic recomputations. 





The nature of the various methods should be carefully considered. Simple 
methods are preferred, but more complicated ones may be justified. Both 
extremes, oversimplification leading to complete disregard of the geologic 
nature of the deposit and overcomp lication leading to unwarranted precision, 
expense, and even impracticability, should be avoided. The question of maxi- 
mal use of all factual data collected in the process of exploration is an 
important consideration. Poor planning and overexploration results in exces- 
sive data not necessary for the accepted accuracy of computations. 


Computing Reserves Procedure 


Analysis of Exploration Data 


Reserve computations of a mineral deposit is a technical task, consisting 
of several operations. The importance of following a definite procedure, 
properly selected for a certain deposit, cannot be overemphasized (41). The 
operations in order of their usual execution are geologic appraisal, explora- 
tion and sampling methods appraisal, exploration data appraisal, delineation 
of the mineral body, and selection of an appropriate method for computations. 


The importance of the knowledge of the geology of the deposit for the ’ 
understanding of the size, shape, and grade distribution, and for interpreta- a) 
tion of exploration data has been emphasized by many scientists (29, 34). 

Geologic appraisal includes obtaining, checking, and presenting exploration 








data in the form of graphs, tables, maps and sections of appropriate scale, 
and assuming a working hypothesis on the origin of mineralization. The explo- 
ration method; that is, the kind and density of workings and sampling, is 
studied to determine the adequacy and accuracy of the data from the standpoint 
of geology, geometric configuration of the mineral bodies, distribution pat- 
tern of variables, errors, and category of reserves. Such an appraisal’is 
often supplemented by statistical analysis and by comparison with other 
deposits similar in type and form. 


The analysis of exploration data, often the most neglected step in valua- 
tion, is accomplished by defining inside and outside parameters of economi- 
cally minable portions of the mineral body; by determining the precision of 
measurements and analyses; and by determining whether the amount of explora- 
tion of various portions of the mineral body meets the requirements for com- 
puting reserves of a certain category. 


Procedure 


For reserve computations the mineral body is first delineated and then 
subdivided by several methods into segments or blocks of various degrees of 
reliability. 


The usual procedure for volume computations is to substitute graphically 
the irregular shape of the mineral body by an imaginary and auxiliary one with 
base surface lying in the plane of a plan or longitudinal section; the other 
surface, irregular in form, shows distribution of thicknesses (fig. 1}. This 
auxiliary body is then replaced by one or several simple solid figures, vol- 
umes of which can be computed by geometric formulas. 


Division of the mineral body into blocks is done according to a selected 
method, so that each block can be directly related to one or a suite of 
factual exploration values. 


The reserves of the entire body are computed by determining areas and 
volumes for each block, converting block volumes to tonnages of raw mineral 
material, determining average grades and tonnages of valuable components, and 
finally, tabulating the result of blocks of the same category and, if possible, 
assessing the reliability of computations. 


Main Elements 


Reserve computations require a knowledge of the dimensional and qualita- 
tive features of the mineral body. This knowledge is gained directly by obser- 
vations (measurements, chemical analyses, and tests) and indirectly by assump- 
tions, interpretations, and computations. All values of the basic block 
elements, thickness, length, breadth, weight factor, and grade, whether they 
are single observations or computed averages, may be presented on maps by 
numbers pinpointed for a definite location, or as a line with the numerical 


length plotted to scale. 





The system 
selected for meas-~- 
uring linear dis- 
tances, areas, 
volumes, and 
weights should be 
followed through- 
out. Units of 
measure and weight 
and conversion 
factors for 
English and metric 
systems are given 
in appendix A. 
When selection is 
possible, the 
metric system is 
preferable; it 
saves time and 
reduces the chance 
of error. 





The formulas 
for all methods 
are based on com- 
puting solids with 
their bases con- 
structed in the 





~“ J plane; vertical 
sae | yr thickness is used 
Be ~ we for horizontal 
“ pe plan; horizontal 
: “XN 
y thickness for ver- 


tical or longitu- 
(B) dinal sections, 
and true thickness 
FIGURE 1.- Transforming a True Mineral Body Into an Imaginary Auxiliary for incline longi- 
One. A, Vertical section of true body; B, vertical section of tudinal sections 
distorted auxiliary body. drawn in the plane 
of the dip of the 
mineral body. The relationships between the true, horizontal, and vertical 
thicknesses are: 


Cy etae t, sing = t_cosB (1) 


where 3 is the true dip of the body (fig. 2A). 


In reserve computations, the true strike and the true dip of the deposit, 
or its portion under consideration, are determined first of all. Corrections 
for dip taken in a direction not perpendicular to the strike are made from 
specially prepared tables or by a protractor described in field geology 
textbooks (ll, 33). 

















FIGURE 2. - True, Horizontal and Vertical Thicknesses—Analytical Relationship. 1, t,, = 
t, sin B = t, cos B; B, strike correction - ty, = tgp Cosa (B = 90° 6 = 0); C, 
dip correction (a = 0°); D, general case - block diagram. 


In exploration, thicknesses usually are measured at oblique directions to 
the true strike and the true dip of the body. Such apparent thicknesses are 
corrected by graphical means, by trigonometric formulas, and by charts and 
tables. 


When thickness is measured at an oblique angle to the strike, ithe cons 
rected by cos a in a simple case of a vertical ore body and horizontal work- 
ings, where a is an angle between the apparent thickness plane and a plane 
perpendicular to the strike (fig. 2B). 


When the thickness is measured at an oblique angle to the true dip of the 
deposit, the true t;,;; horizontal t,, and vertical ty thicknesses in a simple 
case of a equal 0° (fig. 2B) are 





ter = tap sin (8 + 8), (2) 
sin (8 + 8) 
t,. * tes , esi ae: (3) 
sin (8 + 8) 
and A SI ae a (4) 


where 9 is an angle intersecting the body in the plane of the true dip; 
R - the dip of the body; and 
tap ~ apparent thickness. 
In a general case when the dip of the body and hole inclination are uncon- 
formable (hole crossing the body at sharp angle to the strike and to the dip), 
the thicknesses are found by formulas (fig. 2C) 


ty, = ta, cos B cos @ (cos a tan 8 + tan @), or 
= ta, (cos a sin 8 cos @ + cose sinc), (5) 
t, = tgp (cos a cos § + cotan @ sin 6), (6) 
and t, = ta, cos 8 (cos a tan 8 + tan 6), (7) 


where a is an angle between the plane of the dip and the plane of hole 
direction; 
8 - dip of body; and 
9 - angle of the hole intersecting the body. 


Basic Assumptions 


Whatever method is used for reserve computations several assumptions are 
taken for granted. The chief one is that the basic elements of a mineral body 
observed or established at any station (surface exposure, drill hole, or under- 
ground workings) change or extend to the adjoining area according to an appro- 
priate principle of interpretation of exploration data. It is assumed also 
that observations are made in conformity with the nature of a given deposit 











and that the samples are 
taken with the same preci- 
sion and are representa- 
tive of a selected portion 
of the mineral body. When 
observations are doubtful 
or inadequate in number, 
the results of the compu- 
tations are uncertain or 
erroneous. 


Another important 
presumption is that the 
mineral deposit has been 
explored by an appropriate 
exploration method, and 
FIGURE 3. - Analytical Interpretation of Values Between Two that the net of workings 

Adjoining Stations (Rule of Gradual Changes). prove the continuity of 
the body. This hypothesis 
permits consideration of any element as having a constant value for a block, 
segment, or the entire mineral body. Thus, the problem of computation is 
reduced to determining the volume of a block, segment, or body by mathematical 
means. 





Finally, it is assumed for the purpose of computations, that the true and 
often complex form of the mineral body can be represented with reasonable 
accuracy by a hypothetical body with a base surface lying in the plan or sec- 
tion. Such an idealized body may embrace the entire deposit, or it may be 
composed of large segments or small blocks, each characterized by a single or 
a suite of recorded variables. 


Principles of Interpretation 


The reasoning used in interpretation of variables between any two adja- 
cent observations in a mineral body determines the block construction and the 
accuracy of computations. These principles are analytical, natural or intrin- 
sic, and empirical. The analytical group includes the rule of gradual straight 
line changes of all basic elements of a mineral body and the rule of nearest 
points, or equal sphere of influence. Geologic, technologic, and economic 
criteria make up the natural or intrinsic group, and generalization the empiri- 
cal rule of interpretation. 


Application of the analytical and natural principles of interpretation 
are limited to specific conditions, necessary and sufficient for certain type 
and size of deposits, and for certain categories of resources. 


Rule of Gradual Changes 
Mathematical Procedure 


According to the rule of gradual changes or law Or iinear function, all 
elements of a mineral body that can be expressed numerically change gradually 
and continuously along a straight line connecting two adjoining stations (fig. 
3). Let us consider two adjoining stations or holes A and B with thicknesses 
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t, and tg. Location of a point 


found analytically and graphically by this rule; v 
may be found for a given point C by similar procedures. 
triangles A,@C, and A, BB, 


with given thickness t, on line AB, 





C on line AB with a given thickness t, may be 
ice versa, the thickness t, 


To locate point C 
are similar, 


thus 
AC GG te - 
A, Be By Cs — ems 
A, & = AC and A, Be = AB, 
(t.1- t, ) 
AC AB; (8) 
(to j- ty) 
and to determine thickness t, for a given point C, 
GQ AG wt ooalttte oA’ 
B, Bo =A, Ba (taunit? da gf AB? 
AC 
te - is eke’ ese 
and Ce (9) 


In surveying, equations (8) and (9) are known as formulas of simple 


interpretation. 


The rule of gradual changes can be applied to other parameters of a 


mineral body such as grade and weight factors, as 
reserves, volumes, and tonnages. 
mercial portion of the deposit and to determine a 


point on the extension of a line beyond known stations. 


well as to areas, linear 


It may be used also in delineating the com- 


given value at an unknown 
In practice, inter- 


polation and extrapolation are done by graphic means. 


Graphic Procedure 


To determine by vectors point D with a given 


5, t—4tt 
t= ty Be Me | 
f=? 
ap 
A2 
4 fe) 4 
Scale, feet 


FIGURE 4. - Finding the Location of Point D With Thickness 
Five Feet by Means of Vectors (Rule of Gradual 
Changes). 


thickness ty of 5 feet, ona 
line AB with t, equal to 4 
feet at station A and t, 
equal to 7 feet at station B, 
raise a perpendicular from 
station B equal to tp - ty, 
or 2 feet, and drop a per- 
pendicular from station A 
equal.to ty .>.tis or 1 foot 
(fig. 4). Connect points 

Ao and B, with a straight 
line; the intersection of 
lines AjB, and AB is 

point D. 











° 
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rh 


FIGURE 5.- Finding Thickness 
tg for Point D (Rule 
of Gradual Changes). 





To find thickness t. turn 
the template to have 
Aat ft and @ at 7ft 


FIGURE 6. - Finding Thickness t, for Point C and Finding Point D for Thickness ty = 5 Feet 
by Means of a Special Template (Rule of Gradual Changes). 
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Finding thickness ty for any given point on line AB is illustrated by 
figure 5. Raise a perpendicular AAs equal to t, from station A and a perpen- 
dicular BBz equal to tg from station B. Connect the points Ae and Be with 
straight line. The thickness for a given point D on line AB will be the 
length of a perpendicular DDa2 raised from D to the line Ask. 


For the same purpose special templates may be used, consisting of a 
series of parallel lines drawn to scale on tracing cloth or engraved on clear 
plastic. The lines are equidistant and may be marked by appropriate unit val- 
ues (fig. 6). To find, in our example, thickness t, for point C on line AB, 
the template is placed so that B will coincide with the line marked 7 feet. 
Let us turn the template around point B until A intersects the line marked 4. 
A supplementary line drawn parallel to other lines will show thickness for 
point C equal to 6.2 feet. A point D with thickness of 5 feet between the val- 


ues of A and B is found by a simple intersection of 5.0 feet line and line AB. 
3 


Rule of Nearest Points, or Equal Influence 


According to the rule of nearest points, or "equal sphere of influence”, 
the value of any point between two stations is considered constant, equal to 
the value of the nearest station. In a general case of holes A and B with 
thickness t, and te, the value of each one extends to the midpoint X between 
holes (fig. 7). In practice the midpoint is found by the intersection of two 
arcs of a circle with radii slightly more than half the distance between the 
stations, or by a special template (fig. 8). Any point on line AB, except X, 
is inside the "linear influence" of a station A or B and nearer to it than to 
the adjoining one. Thus, this property gives the rule its name of nearest 
points. In the section AB the areas of influence for a given thickness t, of 
hole A and for a given thickness tz of hole B are shown by different patterns 
Cfic-Jae 


The rule of nearest points is widely used for construction of equal 
spheres of influence for areas and volumes of individual workings. The 
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FIGURE 7. - Interpretation of Values 
to Between Two Adjoining 
Holes in Section (Rule 

of Nearest Points). 
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FIGURE 8.- Template or Guide 
to Find the Midpoint 
Between Two Points 
(Rule of Nearest 
Points). 


SSS 


Scale, units 


application varies due to the type and distribution of workings, and whether 
these workings are presented on maps in the form of dots or lines. Several of 
the more common cases are described below. 


Case of Two Underground Intersecting Workings 


When a drift and a raise intersect in a plane of a map, the areas of 
equal influence of each working are found by bisecting the angle between them. 
Any point on the bisector is equidistant from both workings, and any point 
within each area of influence is nearer to the adjoining working than to the 
other (fig. 9). 


Case of Two Parallel Workings 


A line constructed equidistant between two parallel workings, such as 
trenches, drifts, crosscuts, raises, and drill holes, will divide the inter- 
vening area into two areas of equal influence, each satisfying the property of 
nearest points (fig. 10). 


General Case of Underground Workings 


When a block is developed by drifts and raises on all four sides, the 
area between them is divided into four areas of influence by a combination of 
angle bisectors and parallel lines (fig. 11). To satisfy the property of 
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FIGURE 9.- Angle Bisector Manner of Interpreta- 
Raise tion of Values Between Two Inter- 
secting. Underground Workings (Rule 

of Nearest Points). 


—= Drift 








FIGURE 10.- Interpretation of Values Be- 
> tween Two Parallel! Under- 
ground Workings (Rule of 

Nearest Points). 
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\ FIGURE 11. - Interpretation 
SS of Values for the 
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and Intersecting 








Workings (Rule of 
Nearest Points). 
Drift 





equal influence for each pair of workings in the block, only the illustrated 
construction is possible. 


Case of Equilateral Triangle 


In an equilateral triangle the areas of influence of each vertex are 
found by constructing perpendicular bisectors from the midpoint of each side 
(fig. 124A). The intersection of the bisectors is equidistant from the ver- 
texes; it is the center of a circle passing through the three vertexes. 


By constructing angle bisectors, different shaped areas are formed 
(fig. 12B) in comparison with perpendicular bisectors. This manner of 
dividing a triangle is called the rule of gravity. 


Case of an Obtuse Triangle 


In an obtuse triangle, the angle bisectors will divide the figure into 
three areas different in shape, but equal in size (fig. 13). The point of 
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intersection of the 
angle bisectors, or the 
center of the gravity of 
the triangle, is much 
closer to the vertex of 
the obtuse angle than to 
the other vertexes. 
Therefore, the center as 
well as other points of 
the triangle, are incon- 
sistent with the rule of 
nearest points. 


Areas of influence 
constructed by perpendic- 
ular bisectors in an 
obtuse triangle are of 
different sizes, but the 
vertexes are equidistant 


FIGURE 12. - Construction of Areas of Influence in Equilateral 
Triangles (Rule of Nearest Points). A, Perpen- 
dicular bisector manner of constructing areas of 
influence (areas are to vertexes A,B, and C); B, from the intersection of 
angle bisector manner of constructing areas of the perpendiculars. The 
influence (areas are to lines AB, BC, and AC). areas of influence of 

such a construction 


satisfy the property of the rule of nearest points. 


General Case 


Both manners of construction of areas of influence are used in computing 
reserves. The angle bisector manner is limited to workings presented on plans 
and sections as lines, such as intersecting underground workings (fig. 16 A 
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FIGURE 13. - Perpendicular Bisector Versus Angle Bisector Manner of Constructing Areas of 
Influence in Obtuse Triangles. .1, Perpendicular bisector manner of construct- 
ing areas of influence for vertexes A, B, and C; B, angle bisector manner of 
constructing areas of influence for lines AB, BC, and AC; C, angle bisector 
manner of constructing areas of influence for vertexes A, B, and C. The lest 
method is incorrect from the standpoint of rule of nearest points (O is closer to 


B than to A and C). 
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When the workings are presented on the map as dots (drill holes), the areas of 
influence of each one are found by the perpendicular manner of construction 


(fig. 14). 
incorrect (fig. 15). 


In the latter case the angle bisector manner of construction is 
For the quadrilateral figure (ABCD), the angle bisector 


construction may produce two different results, depending on how the triangles 


are drawn (fig. 16). 
(fig. 17) produces only one solution. 
entitled "Method of Polygons". 


Construction of areas by perpendicular bisectors 
For further discussion see section 


An area of influence for the outside perimeter of the mineral body, or 
for an isolated hole, can be constructed by the rule of nearest points, when 





LEGEND 
© Drill hole 


Case of exploration by vertical drill holes. 


FIGURE 14.-Correct Construction of Areas of 
Influence (Polygons) by Perpen- 
dicular Bisectors (Rule of Near- 
est Points). 
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Case of exploration by vertical drill holes 


FIGURE 15.- Incorrect Consfruction of Poly- 
gons by Angle Bisectors (Rule 
of Gravity). 
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A,E,C,D0, drill holes 
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Two solutions — depending on construction of triangles 
(both incorrect) 


FIGURE 16. - Areas of Influence for Quadrilateral Figures (Rule of Gravity). 














Only one solution 
(correct) 
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FIGURE 17. - Areas of Influence for Quadrilateral 


Figures (Rule of Nearest Points). 


a "standard'' mean radius of 


| 7 ~ 7 2 influence for a certain cate- 
@ ' \ \L extrpcterion of gory of reserves and type of 
oreas of influence deposit is accepted. Such 
by rule of nearest areas may be constructed by a 
‘ /' points. circle equal to the standard 
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FIGURE 18. - Areas of Influence for a Square Block 
(Rule of Nearest Points). 


radius of influence (figs. 18 
and 19). 


Geologic and Mining 
Inference 


When interpreting varia- 
bles between two adjoining 
workings, the construction of 
segments or blocks of a min- 
eral body may be governed by 
direct geologic, mining, or 
economic considerations. In 
a simple case of two drill 
holes with corresponding thick- 
nesses t, and tz of ore and a 
prominent vertical fault 
between them, the sphere of 
influence (areas of influences 


for section and plan) may be assigned on basis of geologic interpretation, as 
pllustrated in tigure 20; that is, the thickness t; is consigned to ore 
@ ewe the hole A and the fault, and the thickness te between the fault and 


hole B. 
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FIGURE 19. - Area of Influence for an Isolated Hole. 
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FIGURE 20. - Geologic Interpretati 


on of Areas of Influence Between Two Adjoining Stations. 
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Motives for geologic inference include natural geologic boundaries due to 
structural features (synclines, anticlines, faults, or other dislocations, 
changes in strike or dip); changes in character of mineralization; thinning 
out or pitching of oreshoots; zoning; weathering; different physical proper- 
ties; heterogenous composition; varied alteration; and presence of detrimental 
constituents, such as ash and sulfur in coal. 


Common technologic, physiographic, and economic grounds for inference in 
construction of blocks are topography, thickness of overburden, ratio of over- 
burden to thickness of mineral body, depth, water level, mining methods, proc- 
essing methods, and cost of extraction; also property, section, township, and 
State boundaries. An example of block construction on the basis of structural 
changes in a phosphate rock deposit and availability of ore for open pit 
mining is given in figure 21. 


7000 


1000 0 1000 


Seale, feet 


FIGURE 21. - Construction of Geologic Blocks on the Basis of Structural Changes. 
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Rule of Generalization 


The rule of generalization is also known as the empirical method and, in 
its extreme, as the rule of thumb. It is used frequently for interpretation 
of exploration data. -In contrast with the more objective interpretations 
described previously, such a rule is used rather arbitrarily. It is often 
adapted for lack of other criteria on the basis of limited experience, or as 
a matter of judgment and generally reflects past experience and opinion. 

In many cases, the use of the rule is justifiable and unavoidable. 
Adapting a definite weight factor for reserve computations from other similar 
mineral deposits is probably the most common example. Selecting specific 
limits for the size of blocks in classifying reserves by categories for cer- 
tain mineral deposits or assuming factor values for reserves on the basis of 
production data, rather than directly from widely spaced drill holes with 
irregular or doubtful values, are generalizations. Projecting continuity of 
a mineral body beyond the outlying workings along the strike or at depth and 
fixing cutoff boundaries for computations are other examples. 


The following procedure was used for extrapolation of boundaries of 
uranium deposits between drill holes, some of which crossed ore, strongly min- 
eralized ground, weakly mineralized ground, and barren rock. The cutoff 
boundary between two holes was selected as three-fourths or two-thirds the 
distance from ore to a strongly mineralized hole, one-half to a weakly min- 
eralized hole, and one-third to a barren hole (63). 


Many earth scientists exercise the above principle by arbitrarily reduc- 
ing areas, average thicknesses, and grades for individual blocks and bodies 
and even correcting the computed reserves by subjective correction factors. 


Variability Within Mineral Deposits 


The preceding rules and the inferences based on geologic and mining con- 
ditions lead to well-defined methods for reserve computation. Commonly, how- 
ever, the information available is such that inferences and the applicability 
of the preceding rules is not always clear cut. This may occur in the earlier 
stages of exploration where the amount of information is sparse. It may also 
occur in any stage of development if the natural variability within the min- 
eral deposit is relatively high. This variability tends to mask the signifi- 
cance and relationships that are present in the information gathered on a 
mineral deposit. It is the function of statistical analysis to remove this 
mask and to assess the significance and relationships that are inherent in a 
set of data. If the variability within a deposit is relatively high, the 
application of some statistical procedure may be necessary before an intelli- 
gent selection of method of reserve computation can be made. On the other 
hand, if the variability is relatively small as compared to meaningful pat- 
terns and trends in the information, the selection of a method of reserve 
computation may require no prior statistical treatment of the data. 


In the mining industry statistical procedures have been used in examining 
mine and exploration data to detect patterns and trends, to correlate 
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variables, and "to develop numerical data from which the reliability of esti- 
mates can be assessed" (32). Partly because these procedures are well adapted 
to electronic computing, they have been useful in obtaining the maximum amount 
of information from sparse exploration data and in handling large amounts of 
data from operating properties. The application of statistical methods to the 
results of sampling and reserve computations has been discussed in many 
publications (4-5, 15-18, 22, 62). 


Statistical procedures are generally useful in isolating changes or vari- 
ability that is due to chance from changes that are "real.'' The reliability 
of estimates is developed from the variability that is due to chance. In data 
obtained from mineral deposits, this variability may arise from a random dis- 
tribution of values within the region considered. As the region considered is 
enlarged, "real'' changes or trends invariably appear and the values within 
this enlarged region can no longer be considered random. It is generally use- 
ful and logical to consider changes in values within a deposit as the super- 
position of changes which are real or due to a trend and changes which are due 
to chance and explained by a locally random distribution of values. 


According to most earth scientists, an assumption of random distribution 
of variables is contrary to the basic geologic hypothesis of the origin of 
mineral deposits, particularly sedimentary (53). This school considers each 
deposit a geochemical field, a structural field, or combination of both. Com- 
mercial concentration and distribution of valuable components within such 
fields result from the genesis of the deposit. The natural processes govern- 
ing deposition and migration of minerals may be superimposed upon each other, 
or even be adverse to each other, thus creating an intricate distribution of 
valuable components. Advocates of the geochemical school consider grade and 
thickness changes in a mineral body to be due to the mode of origin and hidden 
irregularities in their distribution. The variables and their reliability 
depends on the place of observation in the mineral body. Thus, according to 
this school, each variable is a function of space of coordinates XYZ. Grade 
at a given point may deviate from mean grade, but the degree of deviation 
depends on the morphology of the body and on the particulars of observations 
and sampling. 


On the other hand, the opponents of the above hypothesis believe that 
adverse geologic processes together with local and accidental changes, usually 
produce no clear orderly regularities in the thickness and grade of the min- 
eral body. Much of this difference of opinion might be explained by the scale 
on which the phenomena is viewed. 


Weighting 


Weighting is the operation of assigning factors to each of a number of 
observations to represent their relative value, allocation, or importance when 
compared with other observations of the same suite. In the mining industry, 
the principle of weighting is widely used in computing averages of variables 
and teserves of mineral bodies. Allocations of weights are made in units of 
length, area, volume, and tonnage on the basis of different principles of 
interpretation, mainly the rule of nearest points, geologic, mining, and other 
considerations. 
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The use of weighting in each particular case depends on the analysis of 
exploratory data. In sectional sampling, across a wide mineral body, weight- 
ing may be compulsory for computation of average grade over the entire width 
of a vein with different metal values near the hanging wall and footwall. In 
all methods of reserve computations, the principle of weighting is applied to 
individual blocks of different sizes to determine average thickness and aver- 
age grade of the entire deposit. 


In certain cases, weighting by an area of influence is not appropriate. 
For a region within which the values are randomly distributed, no sample by 
definition has an area of influence; hence, weighting samples within this 
region by an area of influence is not logical in obtaining an average for the 
region. Thus, the rule of nearest points is not applicable for this case. 
However, this does not mean the samples from such a region should not be 
weighted for some other reason when computing the region average. 


Application 


All the above principles of interpretation are used in valuation of min- 
eral deposits. A study of the common methods of computations discloses that 
block construction is usually based on one definite principle, and other prin- 
ciples, often secondary in importance, applied as supplementary operations 
(table 1). The principles of statistical analysis, weighting, and generaliza- 
tion are used in all conventional methods. 


“TABLE 1. - Principles of interpretation of exploration data used in 
construction of blocks and reserve computations 





(XXX - Predominant; XX - Supplementary but influential; X - Secondary) 


Rule of 
Geologic | Mining and | Rule of |Rule of | general- 
economics gradual |nearest | ization 








Reserve computations: 
Conventional methods 
and modifications 






Average factors and area: 















ANIA LOSOUS. 4 ate sto ae ae ele ore X 

Geologic blocks........+- XX 
Mining’ DLOCKS’.% . c's ew 0's 92 oc X 
Cross sections: 

BtaAvdaris is cage so e5 cn cee ne X 

LiTVTGaT ss so aes 0 to eles are Sone X 

CSO ULNESs ties oe bere sot ee X 
TVLaNngUaL ULL otis. . ss eae ee XX 


POLY eonal Pr isis. <6 57s 


The leading principle in average factors and area methods is based on 
geologic criteria. Mining, economic, and to lesser extent, geologic criteria 
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support the mining blocks method. The rule of gradual changes is basic to the 
method of triangular prisms and the rule of nearest points to the method of 
polygonal prisms. The rule of gradual changes is the predominant principle in 
the standard and isolines cross-section methods, and the rule of nearest 
points is used in the linear cross-section method. 


Computations 


Basic Parameters 


The basic parameters for computing reserves of a mineral deposit include 
thickness and area - quantitative indicators of form, size, and volume of the 
mineral body; grade - the qualitative indicator of values and their distribu- 
tion in the deposit; and weight factor or specific gravity - indicator for 


tonnage computations. 


In most deposits thickness and grade vary from place to place in greater 
degree than the weight factor. For simplicity the latter is considered con- 
stant in this report. 


Thickness and Area 


Measurements of the thickness of a mineral body are taken directly by a 
series of observations, scaled from maps and sections, or computed, and then 
arithmetically averaged, 


t, + to 55 ta * eee at iS 
ae ae (10) 


av n 


Area is measured directly from maps by planimetering, by the use of 
specially constructed templates, by geometric computations, and indirectly by 
computing from survey data. 


Planimetering 


At least two planimeter readings taken in opposite directions are neces~- 
sary to achieve correct results. If these readings vary by less than 2 per- 
cent, the average is accepted as true. The scale of the selected maps should 
meet the accuracy requirements of the smallest area measured. 


= 


Templates 


Templates may be of square pattern, where each square has a certain units= 
area value; of dotted pattern, where each dot is the center of a unit of equal 
area; or, of parallel lines pattern with a series of equidistant lines drawn 
to scale (figs. 22, 23, 24). The use of templates with the first two patterns 
is self-evident. In the case of the parallel lines template the lengths of 
all lines within the mineral body are totaled; the sum of lengths multiplied 
by the unit value of the scale equal the total area. Two different positions 
of a template are taken for precise measurements and the average accepted as 
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Scale in units 
S-17.5 sq units 


FIGURE 22. - Square Pattern Template. 


Surface Elev. 





One dot =10 sq units 
S =460 sq units 


“FIGURE 23. - Dotted Pattern Template. 


TI REE 
7 ee ST LE 
PCREMRSS LSMSERT Uy MINN DST Ae AARON ONT SE 
ee Ta tL LLL hh MMMM dM Ahhh hhh 
(2S GR Eas eee Ee 





FIGURE 24.- Parallel Lines 
Template. 











fe 


re h 
FIGURE 25. - Trapezoid Formula. 


the true area. In prac~ 
tice, the square pattern 
is used when the area is 
50 units or less. 





h-common interval 
of offsets Geometric Computations 


Irregularly shaped 
areas may be divided 
into simple geometric 
figures; that is, tri- 
angles, squares, tetra- 
gons, and trapezoids. 
The dimensions of each 
figure can be scaled 
from maps or deduced 
from survey notes and 
the area computed. The 
total area is equal to 
the sum of the calcu- 








(9 +09 ) (05 + 03) (97 —-| +97) lated figures. The most 
4 a+ Atec- 2. A common formulas for 
(0, +9 ,) plain figures, triangle, 
sh as CS NETS 212 +O | square, rectangle, and 
| parallelogram are well 
FIGURE 26. - Trapezoidal Rule. known. Formulas for the 


trapezoid follow. 


Trapezoid Formula. - An area of a simple trapezoid is 
pee, pean (11) 


where a and b are parallel sides of the figure and h the perpendicular dis- 
tance (fig. 25). 
l Rule. - An irregular area may be subdivided into an even num-~ 


Trapezoida 
ber of trapezoidal figures by a series of equidistant parallel lines, or ordi- 


nates (fig. 26). Assuming that the boundaries of the strips between the ordi- 
mates are straight lines, the entire irregular area may be computed by the 


trapezoidal rule, 
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(a, + ap) (a + a3) 
=) ———— ls he te 
i 2 
+ a 
or s-n(S.., + a3 “ete e was 


(anii + ay ) 
2 


(12) 


where h is a common interval between parallel lines or ordinates, and 


a,» 4g, «ee, a, are the lengths of each ordinate. 


It is obvious that the greater the number of strips the greater is the 


precision of the formula. 


Simpson's Rule. - The computation of an irregular area by Simpson's rule 
(fig. 27) is based on the assumption that the curved boundaries of each strip 


are parabolas passing through consecutive points. 


If the number of offsets 


are odd and the number of strips even, the irregular area is computed by 


Simpson's formla (42, v. 2, p. 36-13), 


S -+ h (a, +22) ahadint 42 GAsven + an); 


where © ajaq - the sum of odd offsets 


= asyen ~ the sum of even offsets. 


(13) 


If the number of offsets is even (and number of strips odd), one of the 
end-area trapezoids is computed separately and added to the results computed 
by the formula. Other, and lesser known, trapezoidal formas for determining 
area are Durand's and Weddle's rules described in engineering handbooks. 


4-common interval 
of offsets 


f! \s odd 






oe 4. 


FIGURE 27. - Simpson’s Rule for 


Determining Areas. 
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Indirect Methods 


Some areas may be computed from survey notes by double meridian distances 
or by the coordinate method, described in civil engineering handbooks. 


Volume 


The volume of a block is computed from direct or indirect measurements of 
length (L), breadth (B), and thickness (T) by the parallelepiped formula, 


v = LTB. (14) 


In practice mineral bodies are irregular, and it is necessary to substi- 
tute true volume by an equivolume body of solid geometric configuration for 
the use of simple formulas for volume computations. 


When the area $ is directly measured on the map and the average thickness 


tay is computed methematically, the general formula for the deposit is 


Ve= aces (15) 


If a mineral body is subdivided into segments or blocks for computations, 
the volume of the entire body will be 


gt oy eee We eget Jans “ote Set toa at ta Sq 0Gks =f. Ea Sa (16) 
where S;, Sg, Ss, +++; S, are block areas and 


t,, to, tg, +--+» t are average thicknesses of individual blocks. 

Various methods of block construction are discussed in part 2 of this 
report. It is obvious that the substitution error of the true volume of a 
mineral body with auxiliary blocks depends on the knowledge of the form and 
size of the body. In addition, the accuracy of computations depends on the 
number of blocks, variations in the size of blocks, and precision obtained by 
the formulas. 


Weight 


Tonnage Factors 


Conversion of volume to tonnage of raw mineral material (ore, rock, and 
coal) varies, depending on the system of measures used. Common formulas used 
in computing tonnages are 


Q = = and 0 = VE. (17) 


In the first formula F is the volume-tonnage factor and is usually expressed 
in cubic feet per ton. In the second formula f is the tonnage-volume factor 
and is usually expressed in weight-units per cubic foot. 
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Both weight factors are interrelated and are determined on the basis of 
past production, experimental mining, or adapted from similar deposits. They 
also may be determined by measuring excavations, or by special laboratory 
tests. Techniques of these determinations are described in several publica- 
tions (36, 40, 42). In some cases tonnage factors may be computed from the 
mineral composition after corrections for porosity and moisture content of raw 
material are made. 


In many deposits the weight factors vary substantially owing to the min- 
eral and grade composition. The relationship between weight and grade often 
may be expressed graphically; thus, weight factors can be determined for 
appropriate grade of each individual block. 

The ore tonnage of the entire body is determined by formula, 

Q =.Q,,4+.% +.05 t.-2- +9 = Vi 2, + Vato + Vai, F <3. F Vain « (18) 
Specific Gravity 
Conversion of volume to tonnage (metric) is made by the formula, 


Q = VD, (19) 


where D is specific gravity or density of raw mineral material. 





The specific gravity of the mineral matter can be determined by direct 
tests of dried and crushed samples. Specific gravity of rock in place, or 
"rock specific gravity-natural" may be expressed by 


Doerr ea 
Diat os (1 - M) 5 (20) 
where D, is the specific gravity of the mineral matter determined by tests of 
crushed and dried rock. 


P, is porosity in percent pore space to unit of volume. 


M, is moisture in percent weight loss upon drying. Mead offers a conven- 
ient diagram for the English system of weights and measures, showing the influ- 
ence of porosity, moisture, and specific gravity on the tonnage factor (36). 


Specific gravity may be calculated theoretically as an average of the 
specific gravity of all of the minerals in the deposit, or according to the 
weighted average percent of each mineral in the rock. For convenience, the 
calculated deviations of specific gravity for various grades may be presented 
graphically. 


Conversion Formulas 


The volume-tonnage factor, F, is computed from specific gravity by the @ 
following formulas (42, v. 2, p. 25-20): 


9 : 29 


ee Tris: ts, sane 


Fora snort Cons BS ges 62.5 D 


For long ton FL., 


JR250 bs 
= See ee S 
° 62.5 D rt io Beg Soge (21) 


where 62.5 lb is the weight of 1 cubic foot of water at 4° C. 


The tonnage-volume factor, £, is computed by 


f = ao or ait’ or 62.5")? (22) 
Lae oe Lt ptes 


Volume in cubic feet can be converted to cubic meters by multiplying by 0.028 
or dividing by 35.3. Metric tons are converted to short tons by multiplying 
1.102 or to long tons by 0.984 (Appendix A). 


When the density of a particular body varies appreciably from one place 
to another owing to the relative amounts of minerals with wide ranges in spe- 
cific gravities, such as galena and iron oxide versus quartz, more accurate 
results are obtained by 


| Q=V,D, + VB + V3D, +... + VLD, (23) 


where D,, Dj, ..., D, are specific gravities of separate blocks 
VL; Vo > foe 5 NV, 


n°? 


Grade 


Grade computation of a mineral body is a critical and important operation 
that can be done by various formulas: 


1. Simple arithmetic mean (unweighted). 


NO 
e 


Weighted per width or thickness. 
3. Weighted per width and length, or area. 
| 4. Weighted by frequency of occurrence. 

5. Weighted by the square of the frequency. 

6, Weighted by frequency and assay (35). 

The problems of sampling of various types of mineral deposits and methods 
of statistical analysis used in evaluating exploration data, and in computing 
average grade of workings, blocks, and commercial portions of bodies, are 


beyond the scope of this paper. 


Generally, average grade of a mineral body is computed using conventional 
methods of reserve computations; the formulas used are 
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Type of problem 





All blocks are equal 
in area, thickness, 
and weight factor. 





Arithmetic average. 























































Thickness--weighted|All blocks are equal C,t, + Coty + Coty + 006 + Cath, (25) 
average. in area and have the| Cav ~* Sis a as (hy ea 2 

same weight factor. 

Area-- weighted All blocks have con- C, Si. PCg San + CgSau hy. ¢ 2.0) Hy.Cn Sp (26) 
average. stant thickness and | Cay ~ SkqeiSg #eSgult: ont Se . 

weight factor, but 
different areas. 

Volumetric average |Weight factors of all CV, ¥ Ca Vo t5Ca Vy ot oe ft Ca, (27) 
(volume-weighted blocks are the same. |} Cav * V, + Vo + V3 +... + Vz : 
average). 

Gravimetric average|Tonnages and grades C,Q, © G20 + CgQq + --- FOnQ*| (28) 
(tonnage-weighted | of blocks are Cay = Ope Ote (On ark weuieerans . 


average). different. 





4Q, G» Qa, ---, Q, are reserves of raw mineral material in individual blocks, in tons. 
Reserves of valuable components are determined by formula 
Pam OCH, (29a) 
where P is the sum of reserves of each valuable component of individual blocks P,, P,, 


Pz, »+-, P, and Q is the sum of reserves of raw material Q,, Q@, Q55 ---, Q,- The average 
grade of deposit is determined by formula 


P 
Ca 2G (29b) 
Errors 


Accuracy Versus Precision 
The terms "accuracy" and "precision" as related to reserve computations are defined 
in this report as follows: The variance between a single observation or a computed aver- 
age of an element of a mineral body and its true value indicates the degree of accuracy 
or exactness of such observations or estimates. An accurate measurement is free from all 
errors. Precision indicates only the degree of fluctuation in a certain suite of varia- 
bles with respect to their proximity to each other. 


The distinction between accuracy and precision is well illustrated graphically in the 
following example for a suite of chemical analyses (1, 57). 


1. Accurate and precise (fig. 28A). 

2. Inaccurate but precise (figs. 28B and 28C). 

3. Accurate but not precise (fig. 28D). 

4. Inaccurate and not precise (figs. 28E and 28F). 


The errors in reserve computations may be divided into three groups: errors of 
interpretation (often labeled geologic), technical, and analytical. 
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Plus timit of 
——9———s permissible 
deviations 


True volue 


Minus limit of 
permissible 
deviations 


FIGURE 28. - Accuracy and Precision of Chemical Analyses. «1, Accurate and precise; 5 and 


C, inaccurate, precise, large bias errors; 1), accurate, not precise, large random 


errors; E and F, inaccurate, not precise, large random and biased errors. 
Errors of Interpretation or Analogy 


Errors of interpretation often called errors of analogy, representation, 
details, and geology are due to the accepted hypothesis of the origin of the 
deposit, assumption of geologic similarity to other deposits, interpretation 
or assumtpion of the uniform changes of the basic elements, and the continuity 
of the body along the Strike and at depth. They are errors of judgment and, 
consequently, depend on the training and experience of the person appraising 


or conducting the investigation. 


The results of exploration are generally disclosed by a series of plans 
and sections representing the mineral body in graphic form. Thus, the exact~- 
“ness of our knowledge of a definite mineral deposit depends on the correctness 
of the maps, which in turn, depends on the type of mineral deposit, kind and 
density of workings, and precision of all measurements and qualitative assays 


and tests. 
Technical 


Technical errors are those due to imperfections in instruments and tech- 


niques used in determining all variables. Errors, random, biased, or both, 
should be corrected to prevent downgrading or upgrading of individual observa- 
tions, since erroneous variables influence interpretation of boundaries and 
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computation of basic parameters of the mineral body, and consequently, of the 
size and value of reserves. 


Oversight errors due to faulty copying or typing and recording of samples 
are excluded from this discussion. 


Random 


Random, casual, or accidental technical errors are ''those whose causes 
are unknown and undeterminate" (54, p. 454). These errors are mostly erratic, 
and may be of great magnitude (figs. 28D, 28E, 28F); they fluctuate on both 
sides of the true value and, when the average of a sufficient number of varia- 
bles is computed, compensate each other. 


Permissible random errors used in reserve computations of variables are 


elements and grades in table 3 (57). 


To prevent random errors in chemical analysis, some laboratories process 
two portions of the same sample, regular and duplicate. Both determinations 
are then compared with permissible deviation values (such as listed in table 3) 
and, if within range, the final result is reported as an average. 


To find random errors for a suite of chemical analyses, periodic (monthly 
or quarterly) control analyses are made. These repeated samples are given in 
code in the amount of 3 to 5 percent of the total number of samples but not 
less than 30 (67). The magnitude of random error between control and regular 
analyses should not exceed the permissible limits adopted by the laboratory. 


Biased 


Biased or systematic errors are "those which affect all measurements 
alike" (54, p. 454). They are due to imperfections of instrument, equipment, 
and accepted techniques of observations. For chemical analyses such errors 
may be due to inexperienced personnel, inferior quality reagents, and selec- 
tion of an improper method for a given sample. Most likely the errors are in 
one direction; that is, are persistently either more or less than the true 
value. Such errors affect the mean values because they are not compensating. 


The presence and the magnitude of biased errors may be disclosed by 
special studies. To determine biased errors in chemical analyses, for example 
(67), control analyses of the same samples are made in a reputable laboratory 
by similar methods and procedures. Such outside laboratory control analyses 
are made for large projects at least twice a year; the number of analyses 
should be 3 to 5 percent of the total with a minimum of not less than 30 sam- 
ples. If a substantial error is found and proved further by a third party, a 
correction factor should then be applied to all samples analyzed in the first 
laboratory. 








TABLE 2. - Technical errors in determining basic parameters 










Technical errors in con- 
nection with reserve com- 
putations of an ore body 


Remarks range, accurac Dp lus-minus 


Precision increases with] Surface and underground work- 

ore thickness and ings: 2.0 to 3.0 percent for 

decreases with irregu- thick and up to 10 percent 

larities of ore body for thin bodies--depending on 

boundaries. the irregularities of thick- 
nesses and grade. 

Drill holes: several to 30 
percent and more--depending 
on exploration technique, 
core recovery, and type of 
deposits. 

Maps--1.0 percent and above 
depending on scale. 


Random errors in determining individual parameters 











Ori 
Tape (for 1 meter).. 


inal observations |Precision »p lus-minus 















1.0 percent....eeeee 





Thickness... 















From plans..........- |Above 1.5 percent... Depends on scale and 


drawings. 







0.5 percent and less 
Up to 2.0 percent... 


Surveying...cesececee 
Drawing. .cccccccccee 







Length.....- 








Depending on scale 





BruntOn.cccescceccooe 





Angle....se- 0.5 to 2.0 degrees.. Depends on angle of 
measurement, exposure, 


and convenience. 









Surveying data......|0.5 percent and less 


2 to 3 percent depending on 

































scale. 
Planimeter 1.5 to 0.3 percent Precision increases Do. 
AE Galeteietsre ee ; (100-400 cm). (area). with the increase 
Template.....-++++++|Up to 3.0 percent... of area size. Do. 
Maps: 
Scale 1: 200 0.5 percent....... 5K Depending on scale. 
Scale 1:5000 0.25 percent...-cee. Do. 
























Specific = 3 to 10 percent..... Depends on method of For uniform ore: 3 to 20 per- 
gravity or determination, type cent depending on method of 
weight of ore, etc. determination, porosity, mois- 
factor. ture content, fissuring, etc. 

For complex composition ores: 
20 percent and more. 
Sample taking....... |Varied.....eessee- on = Depends on sampling method, 

Grad@... «ses Sample processing... |1.0 percent......--- ; - sample processing, chemical 







Chemical analysis... |1 to 20 percent and See table 3.....eeeeees 


more. 


analyses, type of deposit, 
method of computation, 
commodity, etc. 


ec 


34 


TABLE 3. - Permissible average for random technical errors 


in chemical analyses 


(The All-Union Committee on Mineral Reserves, U.S.S.R.) 






Component and grade 
range of raw mate- 
rial, percent, 
except as noted 

Aluminum 
oxide (A1L,0,): 








Above 20...cecceces Zu 
Gren 2). cle wits ms See 4- 
i] Pm 5S 5 0.0 cis dle ns He 8 - 
Antimony : 
Above 2..cccecces 3- 
Onc ut 2a se ose eater TZ2= 
Arsenic: 
Above 2Z.ccesccece Lr4 
Oe 5 = CLEP chetate's > 5i= 
Below70. 57. .0864% 10 
Barium sulfate 
(BaSO, ): 
Above 5. oacs0eeas ar 
le 6 Dog « oe ecte tee tks i. 2 
Beryllium: 
Ly fo ee AC 3 - 
os ee eer Pr 5 -- 
0701-—-- Oeletewwee 10 - 
Bismuth: 
Above 056.6% case 5- 
0-2) 2 0. 6st ecaaee 5 = 
Cadmium: 
Above l..wccccccee 35° 
Os = 1h. tee taee 5- 
OvOl 2-3 Ons e s ewe 10 - 
Bae low 0.0 ]isw vcore 30 
Calcium oxide 
(CaO): 
ADOV.@ 62 Deus © ad a 
Sian 2 ig Gis cisteretat aan a 
} oe Oe Pea aha snelcle 10 - 
Chromium: 
Above 10. .cce<s - 1 - 
ToS 2U sa eve vas are 3 - 
BelOW Lee ee sees its 7 
Copa lt’ 
Above 095 o's Selelee 2° 
Below -OVsSNTSe as 
Columbium: 
Above (10s. ss.<ls-6 oun 
Lie LOO area alee ee 5a 
Os) a kbs es sis sete Teles 
Below Os1. a6 oo 20 


See footnotes at end of table. 


Permissible average 
error in percent to 
the grade deter- 

Dp lus-minus 
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“NW WwW 


10 
20 





range of raw mate- 
rial, percent, 






Component and grade Permissible average 
error in percent to 
the grade deter- 

»p lus-minus 


mined 
Copper: 
Above (35 «o's «1s see 3.ree, 
O95 Sa 2 3S i ose ove othe 7 - 10 
Below 0.5..ccceee 10 - 15 
Gold, g/m ton (1 g 
= 15.432 grains): 
Below 0.1 mm:? 
Above: 64s-aece eoets ls. 
16 - 64. ccccces 9.5 ° 2 
4 = 16.5 ae 0 00's 5 - 10 
Below, 4. aescece 15 
Below 0.6 mm:* 
Above 64......- 5 
16 = 64. oes 2 + os 5 - 10 
Gr PIG Es cele » wee 10 - 20 
Below G.ecccccce 2a 
Above 0.6 m:° 
Above 64.....-- ‘ 
16°=¢642 3.55". See 7 = 15 
NS AN Pe Oi B5.2023 
Below Gevccesce 35 
Iron: 
Above 30....-ceee 1 =2 
20° = 30ivwmes vos s 2-4 
ie TO. s giatotaehara.< 4- 8 
Iron oxide (FeO): } 
BDOVE Dee ets-2 ase es 2-4 
Li Sewecsavape sa 4-7 
Lead: 
Above Ls sions o sts 2-4 
ketal 2 CUO Eb 4-6 
OFS: ~16N%, sah Se ass Gxe nl? 
Below 0s 5.a0~s 04s 12 
Magnesium oxide 
(MgO) : 
Above °S.c.<cws2ccee 3 - 10 
Sie Sinieayepegninya © muni 10 - 20 
Manganese: 
ADOVE D.sic devs.0 0 ee 2 <-& 
ae iP Rar a | 
PS As ates Peoria I et au 
Mercury : 
ADOVOG Zitevice sewn 4-7 
Oe 2 See ee is oc we ae =) 
Below 0525.%.¢.08 150220 
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TABLE 3. - Permissible average for random technical errors 
in chemical ana lyses--Continued 


(The All-Union Committee on Mineral Reserves, |iehoe scp ee) 























Component and grade 
range of raw mate- 
rial, percent, 


Permissible average 
error in percent to 
the grade deter- 
p lus-minus 


Permissible average 
error in percent to 
the grade deter- 

Dp lus-minus 


Component and grade 
range of raw mate- 
rial, percent, 
except as noted 











































Molybdenum: a ri; 
ADOVE PL: « sc, cx:0% 0 Above L.gaacc. <> Sesof 
OF25 F143 Sates 07 259% 4d wise. et ee LD 
Below 0.25....0-- OF05 wr OV Zora. eames 15 - 30 
Nickel: Titanium dioxide 
Tere tls oe ices eee CTIOL 3 
D2 Soh listels « «slates = oh to Py ee ee 2-5 
BetowtUs2 aes ces = O81 go02. MAE . sa 5 - 20 
Phosphorus: Tungsten trioxide 
Above 3..-ceeeee- (WO, ): 
0. 0Bve 298 2. arm. < 3 - 8 
6i Ticvormidioxide vende DOMMEDLA OR! SA RAUL eD rh eee: 4 je Bs) 
(Si0,)).: Oe05 =) Us Zo4 a a os 15.= 30 
SOR =U 50 st eee ss ofa e Vanadium: 
TESA ie ele xie'e <6 ae 3 - 10 
Soe ebO oss «see 506% =<0<43 rw - 10 - 30 
Silver, grains 
per ton: AbDGVEGlZ5 <5. O.cia.clele 2 24 3 
ROOVe 100. esses es LOMRDIZ25LERS « So. fle 3 - 6 
Ber 100s set Sees Oe Se 1LOe ois «ees oe = 15 
TOP-OEIOL 4445.8 95's Be Low "Os oF ales. +5 os 15 
Sulfur: Zirconium: 
AB ove 0 rsa oes eel PObeRee esecnl bas bows OlVe Meee ses : perenS 
Pee ee et ee OS ee) ie ee, | ale Oe 8 5 = 210 
ODS amie linc si dis cle sem re Ol 1s wisn 2 8s 10 “sa15 
Tantalum: Coo -e 


Above 10.....-e.6. 
eae Beata 
Ce ever be «sieve acl ois 
Below 0O.1......+. 
l1Samples with finely dispersed gold; mainly in sulfides. 
2Samples with average grain size gold; in sulfides and quartz. 

2Samples with large grain size, often visible, gold; mainly in quartz. 





Source: Reference (57), table 7, pp. 67-68. 


The correction factor may be computed as a ratio of the average grade of the 
control to the average grade of the regular analyses; that is 


td 
! 
1 
< 


(30) 


THeetac CO sluts applied to regular samples to receive the correct results. For 
example, a regular suite of copper samples averaged 0.80 percent. Control samples 
averaged 1.0 percent copper. The correction factor is 
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The control analyses are 25 percent higher than the regular. 
Analytical 


Some analytical errors of reserve computations will be discussed in part 
2. In general, the accuracy of computations increases with the number of 
blocks dividing the mineral body, provided the same accuracy is maintained in 
construction of each block. The error of a separate block may be high, but 
for a group of blocks representing the entire body the relative errors are 
balanced according to the law of averages; 


blocks are equal in tonnage, 


M + M + M,+ .-.+M, 
M = 5s eo ros 


av 


*© and 31) 


blocks are unequal in tonnage of valuable constituent 


“TM Py + MPa - ~~ iM PI 
= 


M, ¥ NP 


, (32) 


where M,, is average relative error of mineral body, and M» ths “5 sues M, 
are relative errors of individual blocks (in percent). 


PART 2. - CONVENTIONAL METHODS 
General Features and Classification 
tes _ anne Vitassification 


For reserve computations the mineral deposit, reduced and distorted by 
mapping, is converted to an analogous geometric body composed of one, several, 
Or an aggregate of close-order solids, that best express the size, shape, and 
distribution of the variables. Construction of these blocks depends on the 
method selected. Some methods offer two Or more manners of block construction, 
thus introducing subjectivity. In such a case a certain manner of construc- 
tion is accepted as appropriate, preferably on the basis of geology, mining, 
and economics. 


Numerous methods-of reserve computations are described in the literature; 
some are only slight modifications of the most common ones. Depending on the 
criteria used in substituting the explored bodies by auxiliary blocks and on 
the manner of computing averages for variables, the conventional methods may 
be classified into four groups. 


Group 1, average factors and area methods, embraces analogous and geo- 


logic blocks methods. Areas are delineated by geologic and, in part, by 
mining and economic criteria, and the basic elements (thickness, grade, and 
weight factors) are determined directly, computed, or taken from other por- 
tions of the same or similar deposits. 
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Group 2, mining blocks method, involves delineation of block areas by 
underground workings and by geologic and economic considerations; the factors 
for each block are computed in various ways. As the name implies the method 
is used mainly for extraction. 


Group 3, cross-section methods, includes standard, linear, and isolines. 
The mineral body is delineated and the blocks are constructed on the basis of 
certain principles of interpretation of exploration data; the parameters of 
blocks and the entire body are determined in various ways. 


Group 4, analytical methods, divides the mineral body graphically into 
blocks of simple geometric forms--triangular or polygonal prisms. The factors 
for each block are determined directly, computed as an arithmetic average, or 
in other ways. 


Special studies of the usage of various methods were made in the U.S.S.R. 
Thousands of mineral deposits were explored and reserves computed and approved 
by the All-Union Committee on Mineral Reserves. The results for metal, non- 
metal, and coal and oil-shale deposits for the years 1941-61 and for solid min- 
eral deposits for years 1941-47, 1951, and 1954 are given in appendix B (table 
B-1) (57). The predominant methods were-- 


Methods, percent 


Average factors | Cross sections | Polygons 
and area 


Coal andsoi.! shale | 


deposits..... Soe a er 69 - 30 
Nonmetallic deposits..... 46 37 14 
UTE GCEDOSLUS seu « a 4s oe e's 37 48 14* 


*Including mining blocks method. 


It is also reported in the U.S.S.R. that in computing reserves the use of 
average factors and area and cross section methods together had increased from 
30 (1941-47) to a total of 82 percent (1954) of all projects recorded (appen- 
dix B, table B-2). 


A comparison of the use of various methods by 44 metal mines, described 
by Jackson and Knaebel in "Sampling and Estimation of Ore Deposits’ (28) pub- 
lished in 1932, shows that the mining blocks and cross-section methods were 
predominant in the mining industry (table 4). 


TABLE 4. - Usage of various methods for reserve computations 
for metal mines in U.S. (1932)* 


Methods: Percent Methods: Percent 
Average factors and area... 20 Polyoons..6 tes == tae NE te PN 4 
Mining blocks..... 2 Ra 42 TOs atipe See Sele ints chiicld os Oe = 5 2 
CLOSS (SECLIONS ve vis css 0 60 oa 32 TOR is nd ohh a ele = > ho 100 


1For 44 active mines described by Charles F. Jackson and John B. Knaebel. 
Sampling and Estimation of Ore Deposits, BuMines Bull. 356, 1932, pp. 
125-249. . 
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Average Factors and Area Methods 


Assumptions and Characteristics Features 


Average factors and area methods of reserve computations have been vari- 
ously described as arithmetic average, weighted average, average depth and 
area, statistical, analogous (by analogy), geologic blocks, and general out- 
line (27-28, 46, 57, 63). In this report these methods are discussed under 
the titles of analogous and geologic blocks. 


Average factors and area methods are all based on the assumption that 
certain segments or blocks of the mineral body being considered are similar in 
geology and technology to sections previously studied, or to blocks or even 
bodies that have been explored or mined out. For computations the body is 
divided into segments or blocks constructed on the basis of geology, mining, 
and economic; that is, structure, thickness, grade, value, depth, and over- 
burden. In some cases, the qualitative characteristics found in one part of 
the body may be accepted, for the purpose of computations, as representative 
of the block or the entire mineral body. 


If the blocks are of equal size each observation and sample analysis has 
an equal influence in determining average factors. If the number of variables 
in a block are in sufficient quantity, average factors may be computed and 
studied by statistical analysis; on the other hand, the method of analogy may & 
be used where only one observation is available. A number of segments or 
blocks with different controlling factors requires the use of the method of 
geologic blocks. 





Formulas for computations of reserves range from simple to complex equa- 
tions. Aside from the usual variables of grade, thickness, and density, more 
complex factors such as, tons recovered per unit of area, volume, or weight 
may be used. 


Method of Analogy 


Analogy is the inference that certain admitted partial resemblances prob- 
ably imply further similarity. The method emphasizes qualitative similarity 
of the geology of a given block to an analogous and better known block of the 
same or similar body. 


Variables for computations may be taken from a single or a number of 
observations, or computed from data gathered from the same or similar deposits. 
Such variables may be accepted as constant factors for other parts of the same 
body, other deposits, or even districts. When the geology of a given area or 
deposit is considered analogous to another area or deposit, a single observa- 
tion may be adequate for reserve computations of a certain commodity. 

Reserves computed may belong to any category. The method is widely used in 
extracticn operations when others are difficult to apply. In reserve computa- 
tions of mica in pegmatites, for example, production records may be considered 
sufficient and accurate for assigning mica grade to the unmined portion of the 
vein below and between mined-out blocks. 
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Average Factors 


The arithmetic average is the simplest variation of the analogous method. 
No auxiliary figures are constructed, thickness and grade are determined by a 
simple average of available data (fig. 29 and table 5). Grade may be deter- 
mined also by thickness-weighting of individual grade observations from ore 
intersecting workings in the mineral body and even from adjoining parallel 
bodies and by extending the results to the unexplored block or to the entire 
mineral body (table 6). In case of numerous samples (observations) the aver- 
age grade may be determined by statistical analysis (15-17). Reserve computa- 
tions and the determination of the block-weighted average factors for the 
entire body is illustrated by table 7. 


The formulas used are average thickness (formula 10), average grade 
(formula 24), thickness-weighted average grade (formula 25), volume of mineral 
body (formla 15), tonnage of raw material (formula 18), and tonnage of valua- 
ble component (formula 29a). 


Inside perimeter of 
mineral body 







O : ’ 
a Outside perimeter of 


mineral body 


A 
oH 


SURE SENS 


© Drill hole showing 
thickness and grade 


© Blank drill hole 





SECTION A-A’ 


after computing average thickness 
( equation 10} 


FIGURE 29. - Arithmetic Average Method of Computing Thickness. (For recapitulation of 
reserves for mineral body and determination of average grade, see table 5.) 
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TABLE 5. - Determination of average thickness and average grade 
for a block by arithmetic average procedure 


Thickness (t), 
aye 


ty 
















Workings (n), 
numbers 





Grade (c), 
percent 

1 .Wert steel 2evreads -Sease (Seeks 
OL SiSS  SESslGhGs sess 06 eWe whee 
Zrccccccccccccccssssccccccccees t. 


Nists 6 e102 0 0 0,010 0.6 6 clcle 6.0.0 6 6.4.0.0 6 0150 6 


TOta liteere cites clans stole erevete Siete 








AVETAZCe cece er vessescccece 






Workings (n), 
numbers 













Product, 
Cac 





Dots te ote ateratete ac alates @eeeeege? @eeeseeeeeeee 
Be oe ote clele se alexcte ole) sveletelerevehetere etelsiere 


NSS betles boo des tcc eset sce enue sie 


Avévage viC(DLOCIIA 3S «0. 206 2s ae 


n n 
Note: Thickness-weighted average grade CORA e DeOreent ses) a= eS. ere Eis 
i=l 7 


The arithmetic average procedure is the simplest and most rapid method of 
computation; accuracy depends on the quality, quantity, density, and distribu- 
tion of observations; in turn these factors depend on the genetic type and 
size of the deposit. 


The system is accurate in uniform deposits; accuracy decreases in nonuni- 
form deposits, even if the distribution of observations is done by a regular 
pattern but with insufficient density. In complex deposits accuracy is 
greater in regularly distributed workings than in irregular. An important 
disadvantage of this system is the lack of quality and quantity distribution 
of valuable components in space. 








TABLE 7. - Computation of reserves and average factors 
for the entire body 


Thickness 


(t), 
ft 








Weight 
factor 


(F), 






Raw material /Valuable component 
reserves Average Reserves 


(Q); grade (c),| (P), 
tons percent tons 










Block 






ASAT RANS SS 
BASsve aa. 2 
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Statistical Factors 


Factors for reserve computations of a certain mineral commodity are 
determined in terms of production or value yield on the basis of exploration, 
past mining experience, or smelter returns gathered for the same mineral body, 
or even similar ones. These factors are usually expressed as percent of com- 
ponent or value recovered per unit of area, volume, or weight; that is 


English system Metric svstem 
Placer deposits: 
Gold and precious Ounces per cubic yard or ton Grams per cubic meter or 
metals. (short, long); cents per metric ton. 
cubic yard, square foot or 
square yard; milligrams per 
cubic yard or ton. 
Heavy minerals.... | Pounds per cubic yard or ton.. Kilograms per cubic meter 
or metric ton. 


Coal deposits....... | Tons per square foot, acre or |Metric tons per square 


section. meter or square 
kilometer. 
Base metals and many | Percent of weight or pounds Percent of. weight or 
nonmetallics. per ton. kilograms per ton. 
“ The use of statistical factors often may be the only practical way of 
@) computing potential resources for a mine or district. The accuracy depends on 


the geologic interpretation of the mineral deposit, as well as on computed 
factors’. 


42 


Reserves of uniform bedded deposits, coal, phosphate rock, and clay have been 
computed by the method of analogy from the results of spot drill holes and exposures 
in trenches and other surface workings. Reserves of phosphate rock available for 
open pit mining in Idaho were computed by the Bureau of Mines on the basis of 
detailed geologic sections, sample analyses, geologic maps, and other published 
data. Inferred reserves of a syncline, for example, illustrated in figure 21 in 
part 1 of this report were based on sections measured about 1 mile from the area 
(table 8). 


TABLE 8. - Reserve computations--method of analogy? 


Weight 
factor 





Phosphate 
rock (Q), 
short 

tons 






















short 
tons 


Block 







































Acids grade; ..... 5.0 108,200 
DOs. sas 4 eines + ao 203 ,600 
Furnace grade...... 5 104,200 
Do; arena ns aa 1530 251,100 
Beneficiation grade 13.4 141,500 
Total or average 49.8 808 , 600 






1249.8. 1135607 000 }pe = Meh 2605808 





Acid. grades-fs ewes 
DO i's ore « afatela ie ola 
Furnace grade...... 
DOs tate ee td oe 
Beneficiation grade 
Total or average 
>Computations made for potential surface resources in a phosphorite deposit in Idaho. 
Section is composed of 2 acid grade zones (+31 percent P_0. ).s 2 furnace grade 
seams (24 to 31 percent P,0_), and the remainder beneficiation grade (18 to 24 
percent P,0.). True bed thickness is 49.8 feet. 


9 
6 
2 
3. 
9 
5 
9 
6 





Method of Geologic Blocks 


Although the method of geologic blocks has been widely used by earth scientists 
for many years, it was not until 1950 that its principles were first discussed and 
its name accepted (57); the procedure is also known as the method of analogy and 
general outline (63). 


A geologic block may be the entire mineral deposit or a relatively small por- 
tion of it, outlined on a map by interpretation of exploratory data. The block 
Sides may coincide with the natural boundaries of the deposit, or be delineated on 
the basis of geological features, structural deformations, or variations in thick- 
ness and grade. In addition, blocks also may be outlined on the basis of physio- 
graphic factors; adaptability to certain mining methods; availability of mineral raw 
material at depth; possibilities of utilization; requirements for beneficiation and 
processing; or property, section, township, or State boundaries. 


The factors are determined from available exploratory data or may be adapted 
from results of spot sampling, production averaging, or data from other parts of the 
same deposit. Cutoff grade is determined by geologic and mining considerations and 
processing. Interpretation of data may be by the rules of gradual changes, nearest 
points, or generalization. The parameters of each geologic block and the entire 
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body are determined by procedure described for the method of analogy. The 
average grade of an individual block is computed either by the arithmetic aver- 
age (table 5), weighted-average (table 6), or by statistical analysis. 

Reserves of each block are computed as the product of area and average factors; 
total reserves are the sum of all individual blocks (table 7). 


Depending on the extent of the geologic knowledge of the deposit, all 
categories of mineral resources may be computed by the geologic blocks method. 
Accuracy of computations depends, essentially, upon the accuracy of factors 
accepted for each block and, to a lesser extent, on the accuracy of block area 
determinations. They may be as accurate as any other method, when a proper 
number of observations support the computation of factors for a certain 
deposit. On the other hand, the computations by this method may be specula- 
tive or purely academic, when the factors are based on an insufficient number 
and density of observations. 


Examples of computations by this method are quite common in the early 
stages of exploration of bedded deposits; that is, phosphate rock, limestone, 
gypsum, and coal (fig. 30). It is often the only method that can be used when 
the deposit is irregular. 


An excellent example of resource computations by geologic blocks has been 
| @ published by the Geological Survey for uranium and vanadium deposits of the 
| / Colorado Plateau (8). The ore bodies are roughly tabular and generally paral- 
leling the bedding of the sandstone host rock. They are irregular, often 
small in size (less than 5,000 tons), of variable thickness with uranium and 
vanadium values distributed erratically. Computations have been based on 
drill holes, underground openings, observations of natural outcrops, and pro- 
duction records. Often the number of observations for individual deposits 
were restricted. 


| At Lvov-Katin (near 
Moscow, U.S.S.R.) coal 
reserve computations 
were made by both geo- 
logic blocks and polygon 
methods (64). Geologic 
blocks were selected on 
Block B the basis of bed thick- 
ness, as there were only 
small variations in coal 
quality (ash, sulfur, 
ecd'vyS “A 6tal-of 715 
principal and 80 supple- 
mentary geologic blocks 
were used as compared 
with 260 blocks by the 
y ‘ LEGEND polygon method. The 
&) o Orill holes geologic blocks method 
of revealed the presence of 
} FIGURE 30. - Geologic Blocks Method. areas of varied and 






Block C 
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sharply reduced coal thickness. As the geologic and mining conditions were 
different from other blocks, this area required additional exploration to per- 
mit reserve computations of the same category as the rest of the deposit. © 


Advantages 


The average factors and area methods of reserve computations are rela- 
tively simple; their use, however, requires training and experience. Areas 
are measured by planimeter, computed, or scaled from maps. In general, the 
factors are determined by a minimum number of simple calculations; no special 
or detailed maps are needed. The procedure is flexible and requires no com- 
plex formulas; computations can be made for individual blocks, panels, levels, 
segments, or for the entire mineral body. 


These methods are adaptable to all types of deposits and to all stages of 
development; they allow rapid and continuous evaluation of factual data, thus 
permitting improved engineering planning. 


Individual observations of thickness and grade are often unconfirmed with 
respect to their localities; therefore, computations of average factors usu- 
ally do not require area weighting. Changes in reserves of a mine, whether 
due to extraction or continuing exploration, can be easily made by subtracting 
or adding respective areas, OF by determining new or corrected areas. 





Accuracy of the computations varies depending on the type of deposit, 
number of blocks, and density of observations. When a deposit is quite uni- 
form and average factors are computed on the basis of a sufficient number of 
observations, results are accurate. 


Application 


Analogous and geologic blocks methods are widely used for all types of 
mineral deposits. For successful application their principal requirement is a 
geologic and geochemical similarity between the segment or block being consid- 
ered, and a more thoroughly studied portion of the same or similar deposit. 
Both methods are convenient for rapid approximations to support exploration 
and everyday mining decisions. They often can be used when other methods fail 
because of lack of sufficient data. 


Certain types of mineral deposits, such as tabular, bedded, and large 
placer deposits, are particularly suited to these methods. Their basic param- 
eters vary only slightly from one point to another, and the average factors 
may be determined with sufficient accuracy by a simple averaging, regardless 
of whether observations are distributed in a systematic or unsystematic pat- 
tern. Another use of these methods is when the thickness of a mineral body 
can be accurately measured, but the high cost or technical difficulties make 
it impossible to sample raw material in place. Grade in such a case may be 
computed from past production, other portions of the deposit, or even mill and 
smelter returns. 














FIGURE 31. - Mining Blocks Exposed on Four Sides. A, Vertical section 
of a vein developed by underground workings; B, isometric 
drawing of three mining blocks a, 6, and c (Note—vein thick- 
ness less than width of workings); C, geometric interpreta- 
tion of the same blocks for computations. . 
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Both methods 
should be used 
with discretion, 
because the accu- 
racy for a deposit 
may depend on per- 
sonal interpreta- 
tion, rather than 
objective geologic 
observations and 
sampling. 


Mining Blocks 
Method 


The mining 
blocks is also 
known in the min- 
eral industry as 
longitudinal sec- 
tion, mine extrac- 
tion, and mine 
exploitation (ll, 
28, Sl).«+ Av mining 
block may be 
defined as a por- 
tion of a mineral 
body delineated on 
four sides by 
workings, or 
bounded by work- 
ings on three or 
less sides, and by 
survey or arbi- 
trary lines on the 
remaining sides 
Chives). The 
size and form of 
the mining block 
is determined by 
exploration and 
development work- 
ings, geologic 
features, tech- 
Pica) ano eCco= 
nomic considera- 
tions. 


In practice, 
mining blocks are 
generally 
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rectangular in shape with the bases lying in the plane of a plan, vertical, or 
incline longitudinal section, depending on the geologic characteristics of the 
deposit. The most common form of a mining block is parallellepiped; block 
volume of ore is computed as a product of area and average thickness (formula 
15), ore tonnage as a product of volume and weight factor (formula 17), and 
metal tonnage as a product of ore tonnage and average grade (formula 29). 

The usual form for reserve computations by this method is given in tables 9 
and 10. 


Mining blocks delineated by a combination of underground openings and 
drill holes are special cases. Assignment of reserves into categories depends 
on the type of deposit, kind and density of mine workings, and economics. 
Accuracy depends on the way the blocks were delineated and on the method and 
accuracy of the sampling. Assuming that all workings are studied with the 
same accuracy, several typical cases are discussed further. 


TABLE 9. - Determination of arithmetic average of ractors 
for individual blocks 





Block Name of Thickness (t),! Grade (c),° 
workings ft percent 
iE Cc yj 
l eesee 6 eacseeve eoeeveee ° f a 
t Cys 
t e 
4 4 
TOCA! oe% eeesee#e oO x = c 
i= i=l 
n n 
1 “t, ’ 
AVeTaSl «os once «ee >> ce’ =rec /4 
a i=l 
Raise A?Bt Cis 
pf DEE AG SORE PNP BIA Bp By RY « o Raise A? Be Ci 
Drift A+ c 3 
Drift BIB Ci hse 
4 
4 eso wi PRD fe ore py 
i=l 
4 
a = 
AVeGr ag Cores ps meie,a> cme bowel” 
1= 


>(t) are determined as average arithmetic thickness by formula (10). 

2(c) are determined as average arithmetic grade by formula (24), or thickness- 
weighted average grade by formula (25), or area-weighted average grade by 
formula (26). 
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TABLE 10. - Recapitulation of reserves for mineral body (by categories) 
and determination of average grade 


Raw Weight 
-material racror 
(F),; (ome) 


percent 


Average 


Block Exposed on Four Sides by Underground Workings 


Reserve computations of a number of mining blocks opened on all sides by 
underground workings is made by determining average factors for each workings; 
determining average factors for each block; computing volume, ore, and metal 
tonnages for each block; and summarizing the reserves of all blocks of the 
same category and computing weighted average factors for each category and for 
the entire mineral deposit. 


Determining Average Factors for Each Working 


When the thickness of a mineral body is uniform and less than the width 
of underground openings, average factors for each working are usually found by 
a simple arithmetic average of appropriate variables. Average thickness may 
be computed by weighting areas of influence of each thickness according to the 
rule of nearest points, depending on the form and size of the mineral body, 
irregularities in values, and density and distribution of observations. In 
irregular bodies average grade for a working is computed by weighting each 
sample by appropriate areas, volumes, and tonnages. 


Determining Average Factors for Each Block 


&) When the thickness of mineral body is less than the width of the opening, 


average factors are computed as follows: 
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lengths of all sides are equal, 


te hte tart te 


t.y 4 (33) 
q a Ce ae Cc, Se Cc, : 
Lt on comer Saat (34) 


where t,, to, tg,» and t, are thicknesses measured or computed for each working; 
C5 Cg» Cg» anc Cy are grades for the same workings. 


When lengths of sides are unequal and there is no relationship between 
thickness and grade, average factors of a mining block may be computed by 
weighting each working according to its length, L, kL» lk» and L,, 


L 
comin pct lg Lats Ly tba ss 


av tee Seem” lea Hn 
and qk + cL, +°¢, 557s Cc, Le : 
ee kT ee Ae 


When lengths of sides are unequal and thicknesses and grades of workings 
vary considerably (fig. 31A), average factors are 


t,S, + t,8, + t,5, + t,S, 
nT YAGER EET IS: Rr oe 37 
tay Spt Ss 2a tS, Sy (37) 


and e formula 26, 


av 
where S, , So, S3> and s, are areas of influences of each working found by the 
rule of nearest points. 


When the ore thickness is more than the width of the mine openings and 
the blocks are developed by crosscuts on two levels, reserves may be computed 
from the crosscut data, as discussed further for a block exposed on two sides. 
Drift and raise samples between crosscuts are not required, if there are evi- 
dences of good ore continuity and grade uniformity. In the case of an irregu- 
lar body the block may be divided into areas of influence to check results of 
original computations. 


Block Exposed on Three Sides by Underground Workings 


Average factors for a mining block exposed on three sides by underground 
workings are computed similar to the previous cases: (a) as an arithmetic 
average of three sides (disregarding length of workings); (b) by weighting 
variables of each side of the block according to the length of each working; 
(c) by computing first the factors for the fourth side from end-samples a and 
b of the existing sides (fig. 324A left) ‘and, then; averaging the variables of 
all sides (this, however, increases the importance of the end-samples in 











Sample a 
| 
| 


Sample b 





Oxidation zone 





FIGURE 32. - Mining Blocks Exposed on Three Sides. A, Block 
exposed by two drifts anda raise; B, block exposed 
by adit, raise, and surface workings, no change in 
geology with depth; C, block exposed by adit, raise, 
and trenches, natura! changes in thickness and 

grade with depth due to oxidation. 
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comparison with others); 
and (d) by weighting the 
areas of influence of 
each of the three exist- 
ing workings (fig. 324 
riche). : 


A block delineated 
by an adit, raise, and 
surface workings, that 
is trenches or pits,.is 
a special case and may 
be subdivided as above 
(fag. S28 right) ,. or .on 
the basis of accuracy of 
computations (category) 
(fie ss2Biuleft). Lt may 
also be subdivided into 
blocks based on geologic 
evidences, such as 
degree of ore alteration, 
thickness, grade, zoning, 
or number of observa- 
Prone 20) 


Block Exposed on 
Two Sides 


Underground Workings 


on Two Levels 


When a mining block 
is developed on two lev- 
else G6i/24} 33.5 block,s-L) 
average factors for each 
level are found first. 
In uniform bodies the 
block factors are com- 
puted as the average of 
both levels; otherwise 
they are computed as 
area-weighted averages 
of both levels. 


Intersecting Under- 
ground Workings 


A mining block 


developed on two sides by underground intersecting workings; that is drift and 
raise, is a triangular prism (fig. 33, block 2). Block factors may be deter- 
mined as the average of both workings, as the length-weighted average of both 
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Block | 


Block 2 





FIGURE 33. - 


Co 
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LL. 


Mining Blocks Exposed on Two Sides (Vein Thickness Less Than the Width 
of Workings). A, Blocks exposed between two parallel workings (1) and be- 
tween two intersecting workings (2); B, isometric drawing of the samemining 


blocks. 
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workings, or as the area-weighted average of both workings with areas of influ- 
ence found according to the rule of nearest points (blocks 2a and 2b). 


In the first and second examples, volumes are computed as the product of 


average thickness (t,,) and area (S); 


in the third example as a sum of two 


auxiliary blocks, each calculated as the product of the average thickness of 


the working and its area of influence. 


When the thickness of the mineral body is greater than the width of the 
workings, the mining block may be developed on both levels by crosscuts or by 


erGsseutstand drifts (fig. 34). 


from crosscut data by the vertical cross-section methods. 


In the first example reserves are computed 


When drift samples 


between crosscuts are available, the factors and area reserves may be computed 


by the rule of nearest points for each level. 


one of the formulas discussed further 


Block Exposed on One Level and 


Block reserves are computed by 
in the section on cross-section methods. 


Intersected at Depth by Drilling 


A mineral body exposed by workings on one level and intersected at depth 
(or above) by one or more drill holes may be divided into mining blocks by 
constructing perpendiculars from the drill hole ore intersection level a, b, 


and*c to thesunderground workings level a+; b+, c? (fig. 354A). 


Boundaries of 


blocks also may be determined on the basis of geologic criteria, such as zon- 


ing or rake of mineralization, and on 


basis of mining design and economics. 


If thickness and grade of the body are uniform, block factors are computed by 


tLh+ftb 
Ce = if at ie (38) 

and Cre. BeaicesL. 
Cay om L + L, 3 (39) 


where t, and c, are average thickness 
on the drift level; 

t, and c, are average thickness 

drill holes limiting 

L, and L, are the block lengths 


and average grade of ore in each block 


and average grade of each two adjoining 
the side of block; and 
on both levels. 


When the mineral body is intersected by one drill hole, the mining block 
may be divided according to the rule of nearest points into two auxiliary 
blocks of varying accuracy and, therefore, of different categories (fig. 35B). 


The average factors may be determined by formulas (57, p. 219), 


t = 


) 
| 
| ® and | Cay = 


a ae: 40 
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FIGURE 34. - Mining Blocks Exposed on Two Sides (Vein 
Thickness More Than the Width of Workings). 
A, Plan of two mining blocks delineated by 
crosscuts; B, block diagram of two mining 
blocks delineated on two levels by crosscuts. 
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FIGURE 35. -Mining Blocks Exposed by Drift and Drill Holes. 
A, Block exposed on one level by a drift and 
intersected at depth by two or more drill holes; 
B, block exposed on one level by a drift and 
intersected at depth by one drill hole. 
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ay 
where t, and c, are average thickness and assay for the drift and 
t, and cz, are thickness and assay for the drill hole. 

When a large number of samples are available from the drift, drill hole 
information often may serve only to delineate the block and evaluate the min- 
eralization. If each observation, whether it is from the drift or drill hole, 
is considered on an equal basis, then the computations of average thickness 


and grade are made by formulas. 


In the example of numerous holes the formulas are 


Ey AS Seems se LES Es Eee (42) 


and Cee (43) 


With one hole they are 





td : (44) 





and C= =] ‘ (45) 


In these computattons, 


ts tos ees t, are thicknesses observed in the drift, 
C5 Cos eee C, are corresponding assays, 
tii ett 2 oes ee thicknesses observed in drill holes, 
erty et agte ss cilm corresponding assays, 
n - number of samples in the drift, and 


m - number of drill holes. 
Application 


In order to apply the mining blocks method it is necessary to develop the 
mineral body into blocks (for extraction) by a sufficient distribution of work- 
ings. In general, reserves for uniform bodies are of the highest category; 
that is, proved or semiproved. Computations are relatively simple. Block 


reserves may be classified for mining purposes according to thickness, grade, 
and extraction cost. Thus, the method allows the operator to control the 


quality and the cost of production. 


The method is flexible and may Herisedvin alietypes of mineral deposits, 
The degree of error depends, to a great extent, on the genetic type of the 
deposit, on the density of workings, and on the distribution of observations. 
It is naturally adapted to sedimentary beds such as coal, to vertical and 
steeply dipping veins of thin and medium thickness, and to thin-bedded tabular 








54 é 


ore bodies, where grade and thickness undergo gradual changes and where mining 
and geologic features are similar to blocks already extracted. When weighted 
averaging of thickness and grade can be eliminated from the computations, it 
becomes a simple operation. 


In nestlike, broken, or interrupted bodies, or where mineral values are 
distributed erratically, the relative error of this method may be excessive. 


Cross-Section Methods 
Principles and Requirements 


The initial step in the application of cross-section methods is to divide 
the mineral body into blocks by constructing geologic sections at intervals 
along the transverse lines or at different levels in conformity with explora- 
tion workings, purpose of computations, and the nature of the deposit (figs. 
36 and 37). The interval between the sections may be constant or may vary to 
suit the geology and mining requirements. When the intervals are unequal, 
formulas for computations are slightly more complicated. 


Depending on the manner of the block construction there are three modifi- 
cations of cross-section methods: 


l. Standard method based on the rule of gradual changes (fig. 37A). @ 
Each internal block is confined by two sections and by an irregular lateral 
surface, and each end block by a single section and by an uneven lateral 





FIGURE 36. - Block Layout by Cross-Section Methods (Block Diagram). A, Rule of gradual Cc 
changes—standard cross-section method; B, rule of nearest points—linear 
cross-section method. 
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FIGURE 37. - Cross-Section Methods—Standard and Linear. A, Laying out blocks according to 
the rule of gradual changes; B, laying out blocks according to the rule of nearest 


points. 


surface. Sections may be parallel or nonparallel, vertical, horizontal, or 


‘inclined; 


2, Linear method based on the rule of nearest points (fig. 37B). Each 
block is defined by a section and a length equal to one-half the distance to 
the adjoining sections; and 


3. Method of isolines based on the rule of gradual changes (see section 
entitled Method of Isolines). 











56 


For accurate results cross-section methods require 


(a) that a sufficient number of workings completely crossing the mineral 
body and an adequate number of observations and samples taken from each sec- 
tion to represent the quality of the raw material; 


(b) that the workings lie in or near the sections; and 


(c) that all workings are distributed more or less equally between the 
sections. 


Standard Method--Parallel Sections 


Procedure 


Some earth scientists distinguish two variables of the standard method: 
vertical or fence used mainly in exploration; and horizontal or level used in 
mining. The usual procedure for computing reserves by this method is (a) 
determining the areas of all sections, (b) computing average factors for each 
section; (c) computing volume, and ore and metal tonnages for each block; and 
finally, (d) summarizing the results for all blocks by categories and comput- 
ing average factors for the entire body (table 11). Measurement of individual 
areas has been discussed in part 1 of this report. @ 


Average factors for each section may be determined by the rule of gradual 
changes, rule of nearest points (length-weighted average and area-weighted 
average), and as an arithmetic average. When in the case of irregular dis- 
tribution of workings, there is a direct or inverted relationship between 
thickness and grade, average grade may be computed as a thickness-weighted 
average. 


Vo lume Computations 


The configuration of areas and the lateral shape of the blocks are 
usually irregular and, in order to compute volume by solid geometry, areas 
are considered to be of equal size circles or polygonal figures; lateral 
surfaces of the blocks are disregarded. 


Mean-Area Formula. - The simplest formula for a volume between two 
parallel sections with areas Ss, and S, and a perpendicular distance, L, 
between them is 


(Se S8) 
V giant if (46) 


This mean-area formula is precise when both areas are nearly similar in 
size and shape. 





TABLE 11. - Computation of reserves b standard method of cross-sections 








Area |Interval Weight Raw material Valuable component 
Blocks Sections|(S), |between Volume (V), factor reserves (Q), Grade (c), Reserves 
sq ft |sections cu ft (F),; tons percent (P), tons 

cu ft/ton 


Ter g is ole ce ones 


DD sie Bec AO Cee 


Niece so evetere ete 6 


Total a. « 


Average.. 
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-A solid mineral body that has been divided into blocks by a series of 
evenly spaced parallel sections is computed by the ''end-area" formula derived 
from formula (46), 


V=(S, + 2S + 28, + «ee + Sa) 5, (47) 


where L equals the distance between sections. If the sections are unevenly 
spaced the formula for the volume of the entire body will be 


5) = Sn 
oa (Sy : Se ) thee (Se : S3 ) take! Gece (Sn = ) l., (48) 


where L,, Ig, Ig, .-- lL, are perpendicular distances between the adjoining 
sections with areas S, , Se, S3 .-- Sp. 


Wedge and Cone (Pyramid) Formulas. - End blocks of lenslike mineral 


bodies may be converted to a wedge or cone (pyramid) with the larger areas S 
in one section, tapering to a line or a point in the adjoining section (fig. 
38A). If the block tapers to a line, volume is computed by wedge formula, 


v=SL. (49) a 


This formula, however, is precise only when the base is rectangular and 
the lateral faces are isosceles triangles and trapezoids. A more precise 
formula for the wedge is (42) 


v= 5 (2a +a) b sing, (50) 


where a and b are the lengths of sides of the base a - angle between a and b, 
and a, is the larger side of the trapezoid (38A right). 


If the block tapers to a point (fig. 38B), volume is computed by cone 
formula, 


pale 
Teale (51) 


Volume computed by the wedge formula is 50 percent larger than volume computed 
by the cone formula. 


Frustum Formula. - When S, and Se vary in size, but are similar (fig. 
38C), frustum of a cone or pyramid formula is used to compute the block 
volume, 


(S, + & +J/S So). 


< 
" 
bolt 


(52) ' 
© 
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| FIGURE 38. - Standard Cross-Section Method (Parallel Sections). A, Common wedge formula; 
B, cone (pyramid) formula; C, frustum of a cone formula. 


the frustum formula is avoided because of complications 

ts and in certain cases it is less accurate 
der a block of a reguiar prism (volume 
wo auxiliary prisms in the form of 
reas S, and S, equal 


In practice, 
involved in computing square roo 
than the prism formula. Let us consi 
of which is V = S x L) and divide it into t 

| @ truncated wedges with areas S, and S, equal to 0.9S and a 
to 0.18’ (fig. 39) (30). 





60 





a,= 95 
5 = b, 

256 =O.) 5 
S4=55=0.9S 


S$) = Sp =S3 +542554+56 
Vj =o = (0.1 +0.9 + JO.1 0.9) 
= $11.0 +.f09 ) 
= = L=0.4334 
V =V,+¥o=0.866L 
FIGURE 39. - Frustum Formula Versus Mean-Area Formula. 


According to frustum formula the volume of each auxiliary block is 


V, = Ve =< (0-1 + 09 oO. )NC09) i= ona so aL. 


and the volume of the regular prism is 
V=V, + Ve = 0.866 L. 


In this example the total block volume, by frustum formula, is 13.4 percent 
less than the volume computed by the regular prism formula. It is concluded, 
therefore, that the frustum formula is inaccurate in wedgelike bodies. Thus, 
when the areas delineating the truncated wedge blocks have equal sides, such 
as heights b, and bp between two levels (fig. 40A), or thicknesses a, and ae 
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FIGURE 40. - Truncated Wedge-Standard Cross-Section Method (Parallel Sections). 


between parallel sections (fig. 40B), the mean-area formula is more precise 
than the frustum. 


Prismoidal Formula 


Many mineral bodies swell, contract, pinch, and in general, have irregu- 
lar lateral surfaces that may have a profound influence on the accuracy of 
volume computations. The prismoidal formula is based on the assumption that 
the enclosing lateral, curved and warped surfaces can be accurately replaced 
by plane triangles, trapezoids, or parallelograms bounded by straight lines 
and constructed from one parallel section to the adjoining one (10, 14, 20, 
40, 42, 62). Selection of the plane figures is controlled by the shape of the 
mineral body and its enclosing surface. 


The prismoidal formula is derived from Simpson's rule for irregular 
areas. 


Wee! (S: ae ease) 23 (53) 


where M is the area of an auxiliary plane section parallel to and midway 
between sections S, and S. Construction of this auxiliary section is based 
on interpolation of longitudinal and cross sections and by interpretation of 
the geology of the mineral body (39, p- 581, 28, Pp. 117). Only in exceptional 
cases is M an average of S, and Se. Auxiliary area constructions require 
additional work. 


This formula is advantageous when a mineral body is divided into blocks 
by a series of closely spaced cross sections. Alternate or odd number sec- 
tions may be regarded as end block sections, and each intervening or even 
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numbered section as a midsection M. The formula is recommended when the cross 
sections are of different configuration and more accurate computations are 
desired; it is commonly used in civil engineering for earth work and is 
described in field surveying handbooks (39, p- 582, 57> V- Tho peo.)': 


Volume computations, with the precision of the prismoidal formula, may be 
made by reducing the results computed by the mean-area formula by a ''prismoi- 
dal correction factor”, 


V prismoidal =V meanwarea — C prismoidal correction» 
where C, the factor for any triangular prismatoid, is equal to 


c= k (sy - M+ S) = ZF (a - a2) Ch - be) (54) 


and is expressed in cubic feet. 


(a, + ag) Ch + be) 


2 2 So, 


M= 


BLOCK A 
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where a, and bh are sides of area S, and ap and ba are sides of area S2 (fig. 
41, Block A). Tables of values for triangular prisms for a distance of 100 
feet between sections, and for prismoidal corrections are available in publi- 
cations related to-railway and other earth excavation problems. The obelisk 
formula, described in some publications as a separate formula (30), is a mod- 
ification of a prismoidal formula derived by substituting equation (55) for M. 


L 
(3) +4M+S2) = | E a 


(a, +az ) (b; +be ) 
v= a WaT Mian me + Se | 


wile Olt 


S ene Cs. (a; be 5 ae b; bi 


(56) 

The influence of the shape of parallel areas on volume computations is 
well demonstrated by the following. Comparing the results of computations by 
mean-area, frustum, and prismoidal formulas for two bodies with the same value 
base areas S,, So, S3, and S,, but of different shape (fig. 41), gives 
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Thus, in our example the volumes of blocks A and B computed by the mean- 
area and frustum formulas are 13.0 and 50.5 percent less than the values com- 
puted by prismoidal formula. 


If values b, and bg are equal, the prismoidal (obelisk) formula converts 
to the mean-area formula. 


L (a, be + ach, ) L (S; + S2) (SQ + So) 
wees Bigs fae eae ae rs. -GtS) Sa 





FIGURE 42. - Construction of Auxiliary Area R for Bauman’s Formula. A, Block between 
parallel sections with irregular lateral surface; B, same block with linear 
lateral surface andconstruction of generators; C, intermediate drawing show- 
ing how to find projections of generators, D, construction of auxiliary area R. 


Thus, when any pair of side values of a and b are equal or nearly equal, 
the mean-area formula is accurate. This is in general a common case of volume 
computations, such as a block having equal height or thickness. 


The prismoidal formula has been used in computations of complex vein ore 
bodies in the Coeur d'Alene mining district, Idaho (10). 


Bauman's Formula. - Among the less common formulas for volume computa- 
tions is one offered by Bauman (2, 31). This graphic formula has limited use. 


When the lateral and irregular surface of a mineral body between two 
parallel sections is assumed to be linear (fig. 42), the volume of the block 
may be computed by 
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where S, and So are areas of cross sections, 
L is distance between sections, and 
R is an auxiliary area, graphically constructed as follows: 

1. Draw both end areas and construct projections (AALATIBBL, «3 
from the generators (AAC, BB » ee-) Of the lateral surface on. 
the same plane (figs. 42B and "42C). 

2. From point 0 (fig. 42D) construct lines of aes length and 
direction as the lines AAl?, pi oi itfbthe generators are 
taken in sufficient quantity and a1 points A,B, C, %.. are 
connected by a curved line, the resultant figure will be the 
auxiliary area R. 


Construction of auxiliary areas requires experience and time, therefore, 
limiting the use of the formula. The common prism and pyramid formulas may be 
derived from Bauman's formula by making appropriate assumptions. When area S, 
is equal to S, the auxiliary area R is zero and Bauman'’s formula is the same 
as a prism or cylinder. When area S is zero, the auxiliary area R will be 
equal to S,, and Bauman's formula is that of a pyramid. 


Tonnage Computations 


The product of block volume and weight factors produces the tonnage of 
@™ material; the product of the latter and average grade equals the reserves 
of valuable component. Another manner of tonnage computation for each block 
consists of determining "section reserves" for a slice of one unit in width, 
and computing block reserves as the product of half the sum of the section 
reserves and the block length. 

Section reserves are computed as the total of the reserves between work- 
ings and may be determined by the rule of gradual changes (fig. 43A) or the 
rule of nearest points (fig.. 43C). Section reserves are often termed peas 
reserves when taken along exploration lines. The term "linear reserves", in 
this report, is set apart for reserves computed for one square poe of area; 
that is, Square foot, square yard, etc. (fig. 43B), and the term "area 
reserves" is used for areas of substantial size such as acre and square mile. 


The Standard Method fon Nonparallel Sections 


Sections constructed along exploration lines may converge or diverge 
because of changes in the strike of the mineral body. The angles between sec- 
tions and exploration lines may range from oblique to obtuse, depending on 
strike variations. Formulas offered for computing reserves with nonparallel 
sections are discussed in the following sections. 


Angle Less Than 10 Degrees 


When the angle of intersection is less than 10 degrees, Zolotarev offered 

9 the formula (fig. 44) (27, 31; 48, 57, 66), 
_ (Si_+ Se) Cm _+ be) 
oe 9 


2 2 SE, 
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Section reserves 
| linear unit wide 





Linear reserves 
per square unit 


FIGURE 43. - Section and Linear Reserves—Cross-Section Methods. A, Layout of auxiliary 
blocks according to the rule of gradual changes; B, linear reserves per square eos 
unit; C, layout of auxiliary blocks according to the rule of nearest points. 
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FIGURE 44. - Standard Cross-Section Method for Volume Computations—Nonparallel Sections. 
A, Graphic representation of mineral body crossed by nonparallel sections; B, 
plan—construction of perpendiculars hy and ho fromcenter of gravity of one sec- 


tion to the other. 


@ where S, and S are areas of the mineral body in the sections, and h, and he 
are the lengths of two respective perpendiculars dropped from the center of 


gravity of one section to another. 





68 


In practice reserves computed by the previous formula deviate slightly 
from those computed by mean-area formula; in most cases the use of the 
Zolotarev formula for a block between sections with an angle of intersection 
less than 10 degrees is not necessary. 


Angle Greater Than 10 Degrees 


When the angle of divergence between the sections is greater than 10 





degrees, a correction factor , is used by Zolotarev. The angle between 


sin a 
sections is expressed in radians. 


a (S + Se) (m + ha) 
sin a 2 2 E 


(59) 


This formula and the preceding one are considered accurate when the sizes of 
the sectional areas do not differ more than four to six times. 


Some scientists consider the Zolotarev formulas accurate only in a case 
of a fragment of a ring-shaped body with the center coinciding with the inter- 
section of sections. In their opinion the use of the above formulas leads to 
systematic error, more often increasing rather than decreasing the results 
(48). 


The formulas require location of the centers of gravity of each area, 
which is difficult in complex geometric figures. The best procedure of find- 
ing the center of gravity of an area is graphical, when the coordinates of the 
center are determined by the sum of the static moments. Such determinations 
are inconvenient and cumbersome and a more practical procedure consists of 
reproducing the area in cardboard and locating its center of gravity by hang- 
ing with a thread. 


Compared with parallel sections computations of volumes and tonnages by 
nonparallel formlas may show appreciable differences; variations in average 
grade, however, are relatively small. A simpler method of computing reserves 
for blocks bounded by nonparallel sections is discussed in the next chapter. 


Linear Method 


In the linear cross-section method of reserve computations, blocks are 
constructed according to the rule of nearest points (figs. 36B and 37B); each 
block rests on one section with the length of influence extending half the 
distance to the adjoining sections. Ore, Q, and metal reserves, P, are 
usually determined as the product of linear ore and metal reserves q, , Pi, and 
area A, 


Q = qua (60) 


and Ie piA. (61) & 
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When ore and metal reserves q, and py, are given per cubic unit, volume instead 
of area is required in previous formulas, 


Q=q,V (62) 


and P = p,v. (63) 


For an illustration of the use of the linear method let us take a block 
between two nonparallel sections (fig. 45). The ore block, two, for the area 
of influence Az of section 2-2, lying between nonparallel sections 1-1 and 
3-3, is found by bisecting the angles a and 8 with auxiliary sections e-e and 
€,-@. Reserve computations are made by formulas, 


qo (A*2+A*22) 


Q@ 
and Po = pp (Ata +272), 


where A’,+A11, = A, (area of influence of section 2-2); 
G2 - are linear ore reserves (per square foot), determined for section 
2-2 by dividing section reserves on the length of the body along 
the section; 
Po - are linear metal reserves determined similar to qo - 


The linear method is suitable for computing reserves of placer deposits, 
where exploration is carried out in stages; exploration lines are drawn across 
the changing course of the deposit, and workings are distributed equally along 
such a line. If additional lines of exploration are added between the initial 
ones, the distances between sections and the areas of influence will decrease 
and construction of the appropriate blocks will change. Reserves will remain 
unchanged, unless new workings are added. 


Advantages 


The cross-section methods graphically portray the geology of the mineral 
deposit. The general procedure is simple and rapid, but formlas producing 
greater precision may necessitate use of diagrams, additional calculations, 
and construction of auxiliary sections. To increase the accuracy of computa- 
tions the number of blocks should be as large as possible; in other words, the 
sections should be placed close together. 


Care should be exercised to avoid arbitrary locations and construction of 
sections. Distance between sections is usually governed, in exploration, by 
the character of the mineral body and the distribution of mineral values. 
Selection of sections unjustified by exploration data may influence the size 
of the areas and, in turn, the computations. Construction should not rely on 
interpretation made over distances unmerited for the given type of deposit. 
Most of the disadvantages in the use of this method can be avoided by properly 
planned exploration. 


Computations of two or more ore bodies in the sections are possible. 
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Application 





Cross-section 
methods are being 
used effectively 
when construction 
of sections is 
possible with a 
minimum amount of 
interpolation and 
extrapolation. The 
application of 
various formlas 
depends on the 
analysis of the 
layout of the sec- 
tions, on the rel- 
ative size and 
shape of ore areas, 
and on the dis- 
tances between 
sections. 








Common cormu- @ 
8 las for volume 
computations are 
mean-area and 
frustum. The reg- 
ular prism formula 
requires equality 
in size and shape 
of both areas. The 
mean-area formula 
is accurate when 
the areas in paral- 
lel sections are 
similar; it should 
not be used when 
FIGURE 45. - Linear Method—Block Between Nonparallel Sections. side dimensions a 
and b are differ- 
ent. If the areas 
of parallel sections differ by more than 40 percent, the frustum formla 
should be used. 


The prismoidal formula is accurate for all various forms of solids. 
Bauman's formula requires construction of an auxiliary area. The proper use 
of the various formulas for different geometric solids is given in table 12. 
In general, computation of block volumes by the methods of cross sections 
requires analysis of the shape and size of sections to determine the best & 
formula, particularly in conjugated blocks. 
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TABLE t2: pplication of various formulas in computing volumes 
of solid bodies in standard cross-section method 







Solid bodies betweed 
Name parallel sections . 


= 










“ (S; +S2 ) 


Mean area .2 srsfelctete edhe oe 7) 






Frustim ero 31. cst ots 5 (S, +S. + /S, xSp) 7 
Prismoidal (Simpson).. 2 (S, +4M+S2 ) X 
Bball ane. teas Liss  Grbeatebi) 


1 Reported as a new formula by Kravchenko and Kupfer. 
Source: Reference (30). 


Well-defined and large bodies that are uniform in thickness and grade or 
have gradually changing values can generally be computed accurately by cross- 
section methods. Sections may be vertical, inclined, or horizontal, as in 
pipelike or stock deposits. Two suites of sections constructed at right angle 
to each other may be employed for large mineral bodies with more or less 
evenly distributed values, such as stocks and impregnations. The final 
results may then be computed as an average of both suites of sections, or one 
suite may serve for control of the other. 


The method should be used with discretion in all cases where the bodies 
are irregular, or where values tend to concentrate in ore shoots. When compu- 
tations of several valuable components are required and the mineral body shows 
grade variations for each component, it is difficult and often impossible to 
apply cross-section methods. Horizontal cross sections, constructed along 
levels or horizons of workings, is preferred because of the selection or 
design of mining method. 


Quite often it is necessary to compute reserves of ore between levels, 
or of different grade within a block, separately. The sum of such auxiliary 
computations should be equal to the block reserves; absence of such control 
indicates a possible source of error. 


Cross-section methods are easily adaptable for use simultaneously with 
other methods. Reserves, developed in upper levels by underground workings, 
may be computed by the mining blocks method, and reserves of lower levels, 
explored by drilling, by the standard cross-section method. Numerous examples 
of such computations are described in the literature (60-61, 65). 
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Method of Isolines 
Principles and Formas 


Isolines are curved lines joining all points of equal unit value. They 
are used to graphically illustrate natural physical and chemical properties or 
processes that can be expressed by unit values. A common example is a topo- 
graphic map, where relief is expressed by contours of equal elevation. Iso- 
lines are widely accepted in earth and engineering sciences for visual delinea- 
tion and distribution studies of various physical and chemical phenomena. 
Well-known applications are maps using lines to depict similar relationships 
such as isothermal, isostatic, isomagmatic, isopach (or isothickness), isocal 
(isocalorific values for coal), isocarb (equal content of fixed carbon), 
isograde, and others. Less common are complex isolines such as linear 
reserves (foot-percent, tons, per square foot, or dollars per square foot) 
used in computing reserves of mineral deposits. 


The method is based on the assumption that unit values, from one point to 
another, undergo continuous and uninterrupted changes according to the rule of 
gradual changes. To construct isolines, intermediate values are determined by 
interpolation between points of known values; as a result certain properties 
of mineral bodies may be presented graphically on a plan or section by a sys- 
tem of isolines. In aggregate such a system constitutes an imaginary surface 
similar to a topographic map. These "toposurfaces" are graphic expressions of 
numbers and, thus, may be used according to the principles of solid and analyt- 
ical geometry. 


The theory of the method of isolines for use in mining and engineering 
was developed by Sobolevsky (37, 53). He disclosed that the toposurfaces can 
be added, subtracted, multiplied, and divided and that even more complex oper- 
ations, such as extraction of roots, involution, differentiation, and integra- 
tion, could also be made. Practical applications of this method in geology 
and mining are varied. Detailed discussion of these applications is beyond 
the scope of this paper. 


Common cases are computations of average thickness, average grade, and 
average value of a mineral deposit from appropriate isoline maps (6, 11). 
Only an isopach map is needed to compute volume and tonnage of mineral ore 
reserves. A unit of volume reserves at a given point on such a map is a 
product of height, equal to the thickness of the body, and area, equal to a 
unit value (square foot, square yard, square meter, etc.). A unit of tonnage 
ore reserves is a division of volume reserves and volume-tonnage factor. To 
compute the weight of metal or other valuable component in the deposit, iso- 
lines of linear metal reserves (product of linear ore reserves and grade) are 
constructed. 


Let us examine a portion of an isopach map (fig. 46). The mineral body, 
confined in nature by irregular surfaces, is transformed for computations to 
an equivalent body limited on one side by a flat plane base and on the other 
by a complex surface represented by a series of isolines of equal thickness 
or height. Thus, the isopach map gives a distorted picture of the mineral 
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€) FIGURE 46. - Method of Isolines. A, Cross section of a mineral body along exploration line 
10-10; B, isopach plan of the same mineral body along the exploration line 10- 
10; C, cross section along exploration line 10-10 made from isopach plan B. 
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body. Each isoline on the map may be considered a projection of a slice of 
the mineral body, divided by a series of parallel equally spaced sections. 

The volume and tonnage of each slice may be computed by Standard cross-section 
formulas; namely, mean-area (46) and frustum (52). Areas bounded by appropri- 
ate isolines are measured by planimeter. The distances between the areas are 
constant, equal to the isopach interval. The volume of the entire mineral 
body is a sum of all slices (47). 


When the mineral body is irregular in thickness, the computations may be 
complicated. If the area of thickness h, is in two portions, S2! and ee 
the volume of the slice between h, and hz, will be (fig. 47A) 


rae + (Sp? + S2**) 


5 (64) 


Vo = 


When thickness h, is missing from part of the area S2, but has instead a 
thickness h, , the volume of a slice between the hz and h, isolines will be 


h 
Va = 8 [(S22 + S12) + (Sa? - Ss**)], (65) 
where h - constant thickness interval between isolines; 
S, - area enclosed by h, contour line (minimum thickness) ; 
S, - area enclosed by h, contour lines; and G 


Sol, S.t+, and S,11 - areas enclosed by h, contour line. 


Average ore grade may be computed in much the same way by the construc- 
tion of isograde maps (fig. 47B), and by weighting areas outlined by isolines 
for each grade; namely 


Cc 
Peghgkt ya PRLS WRN ie FW GR ye a | 
ree eo Ao 3 Ag An : (66) 
where c, is the minimum grade of ore; 
c - constant grade interval between isolines; 
A, - area of ore body with grade c, and higher; 
A, - area of ore body with grade c, plus c and higher; 


A, - area of ore body with grade c, plus 2c and higher, etc. 
The isograde map graphically illustrates the grade distribution of the ore. 


The metal tonnage reserves (or other valuable constituents) may be found 
by multiplying toposurfaces of isopach and isograde maps and constructing 
linear metal reserves maps (weight factor constant). The geometric meaning of 
the linear metal reserves may be well illustrated by an imaginary ingot, 
received by settling at right angles all metal particles on the plane of the 
map. The metal reserves of the mineral body then will be confined between the 
base plane and linear metal toposurface. By slicing the ingot by sections & 
parallel to the base on equal distances, traces of such intersections with 
toposurface will yield the isolines of linear metal reserves. 
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Requirements, Advantages, ‘and Limitations 


The method of isolines, also known as level plan, is a graphical modifica- 


tion of the horizontal standard cross-section method. 
therefore, is discussed in a separate chapter. 








General formula 


GA +H (Ap +24, +242 +--.+ An) 


fay = 


Formula for figure 8 


Ao 





It is distinctive and, 


The method requires a suffi- 


4g +¥ [40+ 24 +2( Aa! + AQ ")+(As +43 } 
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FIGURE 47. - Isopach and Isograde Maps for Reserve Computations— 
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Method of Isolines. A, Isopach map; B, isograde map. 


cient number, appro- 
priate density, and 
distribution of 
observations for 
accurate plotting of 
isolines. When 
observations are 
unevenly distributed, 
the weight influence 
of one station may 
not be the same as 
for the others; in 
some deposits the 
density of observa- 
tions may be insuf- 
ficient; and in 
others it may exceed 
the required accu- 
racy. The method is 
appropriate for min- 
eral bodies where 
there are certain 
natural regularities 
in the variations in 
thickness, grade, 
and value. 


A major advan- 
tage of the method 
is its descriptive- 
ness. The isopach 
map gives an ideal- 
ized likeness of the 
mineral body, second 
only to the model. 
The isograde map 
shows the distribu- 
tion of rich and 
poor ore, and the 
map of linear 
reserves illustrates 
the distribution of 
reserves of raw 
material and valua- 
ble constituents. 
Isoline maps are 
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easy to read, measure, and interpolate; calculations are replaced by graphic 
interpretations and there are fewer blocks, instead of numerous small blocks 
used in some methods. 


The method permits better mine planning. The boundaries of cutoff ore 
are easily constructed and changed. Volume can be computed by measuring areas 
of respective isolines without additional drawing. If the requirements for 
minimum grade, thickness, or value of ore are changed, the isomaps remain the 
same; reserve computations can be made plus or minus one or several slices of 
the mineral body. The method can be automated through calculating machines or 
computers and, when properly applied, prevents discrepancies between the origi- 
nal reserve estimates and those remaining after partial extraction. 


There are several disadvantages in the use of the method. First, the 
position of the isolines depends on the scale of the map, interval accepted, 
density of workings, and accuracy of construction. Second, in practice, dis- 
similar toposurfaces can be constructed on the basis of the same data by dif- 
ferent persons. Construction and interpolation of data have an influence on 
the size of areas and, therefore, on the final results of computations. Two 
or more solutions are possible. When data are profuse, construction and inter- 
pretation of isolines may be complex or even cumbersome. Such is the case in 
multimetal deposits. Checking computations is intricate and may take as much 
time as a complete reestimate of reserves. In general, the method of isolines & 
is best applied to deposits where thickness and grade decreases from center to 
periphery. 





Application 


The method of isolines is widely used for illustration and analysis of 
physical and chemical properties of mineral deposits. Isoline maps are often 
irreplaceable in studies of the morphology of mineral bodies; geochemical and 
geophysical prospecting are also aided by the application of this method. 


The use of isolines for reserve computations is limited mainly to depos- 
its showing orderly changing thickness and grade characteriscics. The method 
is widely used in computing volumes for earthwork operations (39, p. 583), 
stockpiles (44), and computing reservoir reserves of water, natural gas, and 
oil (3) pp. 91-98). «It isi time consuming and nonoperative when the grid of 
exploration workings is sparse. It is impractical in structurally broken and 
small ore bodies, in complex multimetal and very irregular mineral deposits. 


Isolines are known to be drawn from interpretation of aerial photographs 
for computing volume of material removed from the area, as well as ore reserve 
in stockpiles. Few examples of the use of this method for reserves computa- 
tions are described in literature (26, 56). 
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Method of Triangles 


Principles and Formulas 


A plan (or longitudinal section) of the mineral deposit showing explora- 
tion workings and the entire area of the mineral body can be divided graphi- 
cally into a system of triangles by connecting holes with straight lines 
(figs. 48A and B). Each triangle on the plan represents a horizontal projec- 
tion or a base area of an imaginary prism with edges--t,, t, t,--equal to 
vertical thicknesses of the mineral body; the upper base is truncated. Thus, 
the mineral body is divided into a series of close order triangular prisms 
with base areas in a plane of the map (figs. 48C and D). Hence, the name of 
the method of triangles or triangular prisms. The rule of gradual changes of 
all variables from one working to another is the main principle of this 
method. In figure 48A, the layout of the triangles involves the use of data 
from hole 1 eight times; data from holes 2 through 9 are used twice each. The 
layout in figure 48B involves the use of data from holes 3 and 6 five times, 
hole 9 four times, hole 1 three times, holes 5 and 8 two times, and holes 2, 4, 
and 7 once each. 


The formula for computing volume of a truncated triangular prism with 
uneven heights of edges is 


Cty ty Ff be ee (67) 


Ce 
iT] 
wile 


The average grade of each prism is usually determined as an arithmetic 
average of c,, cg, and c,, or as the thickness-weighted average of the same 
grades; that is, 


c + + Cc 
c= aE at (68) 


s _ Ot) + Cate + Cats 
cy" oe (69) 


Ore tonnage for a triangular block is computed by 


ee (q, +42 + 43) 


aus 
Q-Sie? 3 


S. (70) 


Metal tonnage for a triangular block is computed by 


(q,¢, + dace + q3C3) (Pp, + Pa + Ps) 
P = Qc,, OEM GINETIAMER Dole ne ESS OF. a Ie (71) 


where q,, dg, and q, are linear ore reserves of the edges of the triangular 
prism (in tons); 
C, » Cp, and cg are the grades of the edges of each triangular prism 
(in percent); and 
P; » Pg, and ps are linear metal reserves of the edges of the triangular 
prism (in tons). 
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Volume, ore and metal tonnages of the entire mineral body, and average 
grade are computed by the usual formulas: volume - (16), ore tonnage - (18), 
metal tonnage - (29a), gravimetric average grade - (28), and volumetric 
average grade - (27). 


Some earth scientists prefer to compute average grade by the gravimetric 
formula for individual blocks, and by the volumetric formula for the entire 
mineral body. The latter is convenient when a weight factor is accepted as 
constant for the entire body. 


Procedure 


Laying out the Triangles 


All workings on the maps are connected with straight lines and the area 
of the mineral body is divided into a maximum number of triangles; no line 
should be crossed by another. For accurate computations the ideal triangle is 
equilateral; a circle circumscribed through the vertices of the triangle 
should be the smallest possible. The common practice is to take the shortest 
diagonal of each trapezium area. Theoretical investigations support such a 
choice (see next section). 


Some scientists prefer to select triangles corresponding to the morphol- 
ogy of the mineral body. In vein deposits, for example, the bases of the 
triangles may be extended along the strike, so that all triangles have a uni- 
form slope. For placers, Baxter and Park suggest finding the configuration of 
the mineral body with isopachs and then constructing triangles with a uniform 
slope throughout each triangle (3, p. 46). 


The number of triangles and lines are constant for each project. A sim- 
ple way to check the correctness of layout is by formulas (27), 


N = 3n, + 2m + 3, or N, = 3 (mh - Ly" + 20, (72) 
for the number of connecting lines and 
Nos 2ny frini- 2 = PENG eae Pid ts WS, ane 2 (73) 
for the number of triangles, 


where n, is the number of workings inside the perimeter of the mineral body, 
and 
Ny - the number of workings bounding the body. 


Determining Areas of Individual Triangles 


If the area of any triangle is computed as one-half the product of the 
base line and height, it is desirable to use the common line of two contiguous 
triangles as a base for computing the other area. 


The procedure of computing volume, ore and metal tonnages, and average 
grade is illustrated in tables 13 and 14. 





TABLE 13. - Determination of average arithmetic grade for each trian le by triangular method 
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TABLE 14. - Determination of thickness-weighted average grade for each triangle by triangular method 
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Studies by Different Authors 


For many years the triangular method was considered standard, although 
errors in results due to the manner of dividing the area into triangles were 
recognized. The unreliability of this method was discussed by Harding in. 

1921 (13-14) and by Zhuravsky in 1934 (68-69). The latter studied the rela- 
tive error for a volume of a block, explored by four vertical holes, with thick- 
nesses t,, t,, t,, and t, and base area S (fig. 49). The volume of the right 
prism may be computed in two ways: V,--as the volumes of two triangular 
prisms with bases ABD and BDC; or V,--as volumes of two triangular prisms with 
bases ABC and ADC; that is 


il Soap S 
Vv, easel #t, +t.) 5 +5 (te tits Ht) F 
1 
== (tq + 2t. + tg + 2t,) S 
Vo = 2 (2t, + ty + 2ty + t) S. 


In the first case t, and t,, and in the second case t, and t,, are taken twice 
in each formla. Graphically, the lower surface of the block in the first 
case is convex and the volume is overestimated, and in the second, the block 
is concave and the volume is underestimated. 


B C 8 ‘és 
vin ; : 
A A | 
h 


Ne fs Smee eles 


Lower surface convex 
Lower surface concave 


FIGURE 49. - Two Manners of Construction of Triangular Prisms for a Rectangular Prism. 
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The volume of the prism is computed by half the sum of both cases, 





you tM, or 312 (hy + 2to + ts + 2t,) S 


l . 
+S (2t + to + 2ts + ty) s]-4¢n, + te t+ ts + ty) Ss. 


The latter is a standard rectangular prism formula. 
The relative error between volumes V, and V2 is 


AV=V, - Ve = (t,+2tgtt,+2t,) S - - (2t, +tg+2t,+t,) S 


S 
or Ave=t 3 (ti-t.tts-6,)- (74) 
If A V is equal to zero, the volumes V, and Vz are equal, and 


t+ ty mts eae (75) 


In other words, the method of triangles is accurate only if the sum of 
the two opposite edges, t, and t,, of each rectangular prism are equal to the 
two remaining edges, t, and t,. Assuming that (t, + t,) is two times less &S 
than (to + t,); that is 2 (t,+t,) = (t,.+t,), the volume of V, will be more 
than volume V, for the value of H (t.+t,), a relative error of 20 percent. 


Modifications 

In the triangular method equal weights are given to each hole in the 
triangular prism; this is correct only in a prism with an equilateral base. 
In several modifications of this method the average grades of each triangular 
prims are determined by weighting ore thicknesses (formula 25), angles of the 
triangle (13-14), side lengths of each triangle (57), distances of each hole 
from the center of gravity (15), and areas of influence on each hole, con- 
structed by rule of nearest points. 


The "Harding angular system" of computations was an attempt to reduce the 
relative error inherent in the method by applying a factor equal to 


. i i 
angie enol, in the volume formula for each hole of the triangle instead of 


a constant factor of 1/3. In other words, he subdivided the truncated tri- 
angular prism into three auxiliary prisms with heights equal to the edges of 
the basic prism and areas weighted according to the magnitude of the angle of 
the basic prism. 


Later, Harding found the system to be incorrect in computing average 
grade, particularly when the prism is apexed on a hole having a zero value 
thickness. The computed grade may be of higher tenor than any of the other & 
values from the holes of the prism. To correct such errors the following 
formulas are given by Harding (13, p. 124): 
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When all holes have positive values, 


ith ttt, 
| Se hombres _ 4t) + t + ty 
_ ; =~ S. - (76) 











Similar formulas are used for holes 2 and 3. 


When t, has zero value, 


A Stree wie 
Apbiviphie qatua (77) 
if t, and t, have zero values, 
3 
tay = Te: (78) 


Additional studies of the triangular method led Harding and others to the 
development of the polygonal method. 


When the workings are distributed in a regular grid and the areas of the 
triangles are equal or nearly equal, reserves may be computed by these simpli- 
fied formulas (27, 31), 


1 N 
V= 38 SK. (79) 
i=l 
1 N 
Cini s grits, (80) 
i=l 
l N 
and P = 3 St Steck, (81) 
i=l 
paatk 
where s = N 


S - total area of all triangles 

N - number of triangles 

t and f - thicknesses and weight factors of triangles 

k - coefficient determined by the number of triangles starting at 
each hole. 


This variation may be used to facilitate computations in cases of large 
numbers of triangles; errors connected with the construction of triangles and 
their measurements are eliminated and the results do not depend on the manner 
of constructing the triangles. 
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Distinctive Features 


The method of triangles is basically formal and withdrawn from geologic 
and mining considerations. The inside perimeter of the net of triangular 
prisms may be in conflict with the physical boundaries of the body, and the 
prism sides may cross the boundaries of individual ore types. It is often 
difficult or even impossible to subdivide the ore body into segments of simi- 
lar thickness or grade. Triangles may conceal the distribution of variables. 


The procedure for reserve computations by the method is relatively sim- 
ple, when the formula for truncated prisms is used. Modifications of the 
method require more elaborate computations. The relative error depends on the 
manner in which the area is divided into triangles, their form, and the total 
number of triangles. 


In comparison with other methods the triangle method requires construc- 
tion of a greater number of blocks ultimately resulting in labor and time con- 
suming computations. When a mineral body contains several valuable components, 
computations may also be cumbersome. 


In the triangular method of computations the use of exploration data con- 
cerning individual mine workings may not be constant, for example, in figure 
48A data for holes on the perimeter of the body are used two times in compari- & 
son with eight times within the body (hole 1). In cases of irregular sharp 
changes in variables, inside workings may have a disproportionate influence on 
the computations. ' 


The method is not exact when variables decrease from the center to the 
outside boundaries, such as the thickness of lenslike bodies. According to 
Zhuravsky the volume reserves of a lenticular body computed by this method 
will be underestimated (68). 


Thus, errors in computing reserves may be substantial, particularly when 
fluctuations of variables are large and the number of triangles is small. 
When mine workings are numerous and closely spaced, errors for each triangle 
tend to compensate each other. Even in the most favorable distribution of 
workings, such as square set, the triangular method may produce an appreciable 
error. 


Application 


The uniform and gradual changes of variables are characteristic features 
of only a few mineral deposits, predominantly sedimentary. Naturally, the 
triangular method, based on the rule of gradual changes of interpretation of 
exploration data, is most applicable to such deposits. Large sedimentary and 
large disseminated ore deposits, explored by regularly spaced drill holes, 
have been computed by this method (58). 
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Method of Polygons 


Principles 


The method of polygons, also known as polygonal prisms, equal spheres of 
influence, areas of equal influence, and areas of nearest points, is based on 
the concept that all factors, determined for a certain point of a mineral body, 
extend half the distance to adjoining and surrounding points, thus forming an 
area of influence. The rule of nearest points was discussed in part 1 of this 
report. Briefly, areas of equal influence are found for workings symbolized 
on the map as points by using perpendicular bisectors and for those symbolized 


as lines by angle bisectors. 


The first description of the method was given as early as 1909 by 
Boldyrev (57). In the United States the method was developed independently 
from the triangular method by Davis (13, p. 122) and Harding (14) during the 
1920's. A concept of areas of equal influence was introduced step by step, 
and it was accepted and developed as a new principle for the polygon method, 
where triangles are used as auxiliary constructions. The first application of 
this method in the United States was in computing reserves of extremely irregu- 
lar bodies of the Joplin and Wisconsin zinc deposits in 1920 (13). 


Procedure and Construction of Polygons 


In this method, the explored portion of the mineral body is substituted 
by a series of polygonal prisms, the plane bases being equal to areas of 
influence of appropriate workings (tie.50). each saoch prism assumes the 
thickness, weight factor, and grade determined for such workings. 





FIGURE 50. - Method of Polygons. Plan and polygonal prisms. 





86 


The usual steps in computing reserves by this. method are 


1. Construction of auxiliary triangles, when necessary; the manner of 
construction of triangles has no influence on the final shape of polygons; 


Ze Construction of polygons by following a definite order; for: example, 
clockwise and from periphery to the center of the deposit; 


3. Computing reserves for each block (table 15); 
4. Grouping of blocks on the basis of evaluation of grade, thickness, 
linear reserves, reliability, etc., and summarizing and classifying reserves 


into various categories. 


TABLE 15. - Computation of reserves b olygonal method 

























Polygon Grade (c), |Reserves 
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Case of Vertical Holes 


The polygons around vertical holes are constructed by the intersection of 
perpendicular bisectors erected from the middle of the sides of the triangles. 
The criteria for correctness is that all points, in a certain polygon, are 
nearer to the rallying hole than to others. In polygon construction some per- 
pendiculars may not be used at all (triangle ABD, fig. 14) and others may 
assist construction by their continuation outside the boundaries of the obtuse 
triangle (triangle BCD, fig. 14). 
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When the intersection of perpendiculars for two adjoining triangles forms 
a tetragon, the diagonal line connecting each pair of perpendiculars becomes a 
side of a polygon. Point O is equidistant from A, D, and C and point 0O' is 
equidistant from A, B, and C. The diagonal is equidistant from A and C. The 
distinctive feature of a correctly constructed polygon is that each of the 
inside angles between the sides are always less than 180°. 


If the angle bisector manner of construction is used in the above example, 
the property of nearest points is not fulfilled, because most of the auxiliary 
triangles are not equilateral (fig. 14). In comparison with the perpendicular 
bisector manner of construction, angle bisectors produce polygons with twice 
the number of sides. Polygons may be irregular in shape and have internal 
angles of more than 180°; therefore, they are more difficult to measure with a 
planimeter. Further analysis shows that polygons constructed by angle bisec- 
tors are only another graphic expression of the method of triangles. 


In short, construction of polygons by perpendicular bisectors for verti- 
cal workings satisfies the principle of nearest points, is simpler, and always 
the same; area measurements are more accurate. 


It is possible to construct an area of influence for a given point by a 
circle when workings are too widely spaced to safely assume continuity of the 
mineral body. Circle radius is chosen as optimum for a certain category of 
reserves and a given type of deposit. In such cases the block is in the form 
of a cylinder instead of a polygonal prism. 


Case of Linear Workings 


When a mineral body is explored by workings represented as lines on a 
plan, that is, drifts, horizontal drill holes, and trenches, the angle bisec- 
tor manner of construction of areas of influence is used. A rectangular block 
is divided into four areas of influence, or four elementary prisms, each one 
characterized by appropriate workings. The block volume is the sum of all 
elementary prisms, and the thickness and average grade are computed by weight- 
ing the volumes and tonnages of the auxiliary prisms. This modification of 
the polygon method was previously described as a common case of the mining 
blocks method, when areas of influence are determined for four sides of a 
block (fig. 314, block d). 


Principal Formulas 


Irregular Distribution of Drill Holes 


Let us first consider a common case where a mineral body is explored by 
irregularly spaced vertical drill holes. The general formulas for a group of 
polygonal prisms (fig. 50) are for volume - formula 16, for average thickness - 
similar to formula 37, for ore tonnage - formula ron 
for metal tonnage- 

P= c)q + odo + Cog + -++ + Onda (82) 
for average grade - formula 29. 
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Regularly Spaced Drill Holes 


More simple formulas may be derived from principal ones when workings are 
laid down in a regular grid to form simple polygons, such as squares, rectan- 
gles, or hexagons. The common nature of these modifications is that the areas 
of influence for each hole, except those lying on the boundary of the body, 
are equal in size. 


Square Net of Workings. - The volume of an area, s, explored by four 
holes with thicknesses t,, t,, t,, and t, is 


Ha ok teaticta ett Sod ty saat , (83) 


The area of mineral bodies that have been explored by numerous holes 
located in the corners of squares will be divided by perpendicular bisectors 
into squares with equal areas, s; the formula for volume computation will 
transform to 


t, + +t, +...¢t 
vs sa tt tty tee + te) 8, (84) 


where t,, t), t3, ---, t, are thicknesses of holes, and 
= 


Perks 

When the quantity of holes is limited or more accurate results are desir- 
able, the above formla may be improved by adding to each variable a factor 
based on true areas of influence in arbitrary units, termed "weight." Thus, 
in a square network, the area of influence of a hole for a complete square 
must have a weight of four, for a side hole a weight of two, and for a corner 
hole a weight of one (fig. 51A). 


Chessboard Grid. - In a chessboard or triangular grid map, the entire 
area of the mineral body will be divided by perpendicular bisectors into hexa- 
gons with equal areas (fig. 51B). Formulas for computing volume will be the 
Same as a square grid, except--s will equal the area of a hexagon. When the 
number of workings is limited, the formla should have a weight of six for a 
complete, three for a half, and one and a half for a corner of a hexagon. 


Requirements, Advantages, and Limitations 


The method of polygons is based on theoretical assumptions rather than on 
geologic and mining considerations and requires a suitable plan or longitudi- 
nal section. The correct manner of constructing areas of influence requires 
experience; however, there is only one way to do it, and the results do not 
depend on personal judgment. In comparison with other methods the nature of 
the mineral deposit is poorly illustrated, although, polygons may, under 
appropriate pattern of exploration workings for a given type of deposit, 
indicate reasonably well the distribution of thick and narrow and high- and 
low-grade portions of the body. 
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2 FIGURE 51. - Regularly Spaced Drill Holes—Method of Polygons. A, Square net pattern of 


drilling; B, chessboard or triangular pattern of drilling. 


The factors, thickness, grade, and weight, are considered constant for 
each block. Hence, each block is computed without influence from any adjoin- 
ing blocks, and it is possible to add and compute reserves for new blocks as 
exploration progresses. In other methods new data often calls for a complete 
recalculation of reserves. 


When the workings are in a regular grid pattern, reserve computations are 
simplified. The size of the polygons varies when workings are unevenly 
spaced. More widely spaced holes may have an undue influence on the size of 
blocks and on the average grade. Any one block may have an unreasonably large 
influence on the final computations, if the variables of this block vary 
strongly from the variables of the others. 


In the case of irregular distribution of workings it is necessary to 
measure each polygon with a planimeter. When the blocks are numerous such 
measurements may be time consuming. 


Application 


Favorable criteria for the use of the method of polygons are the proven 
continuity of a mineral body between workings and the gradual changes of aoe 
variables. The method is best applied when the workings are numerous and in 
) grid pattern. The greater the number of blocks and the more regular the grid, 
the more accurate are the computations. Reserves of tabular bodies (beds, 
blankets, and thick veins), large lenses, and stocks are successfully computed 
by this method (43, 45). 
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Polygons can be used with discretion in cases of nonuniform and irregu- 
larly shaped mineral bodies; they are incorrect when the bodies cannot be 
correlated satisfactorily between workings, when they are small and distrib- 
uted erratically (small stocks, ore shoots, chimneys, and pipes), or when 
horses of waste are present. In the case of small lenslike bodies the middle 
blocks may show an unduly large influence on the final results. In mineral 
deposits composed of several bodies overlying each other separate sets of 
polygons may be constructed for each one. 


Combined Methods 


The use of two or more methods to compute reserves for the same deposit 
is a common practice. Various methods may be applied for different parts of 
a body depending on the geology, mine design, type and density of exploration 
workings, and category of reserve computations. Mining blocks, for example, 
may be used for high category reserves and geologic blocks for lower cate- 
gories. A second method may often be used for control of the computations 
made by the principal method, so that no crude errors may occur. 


A common case of combined methods is when one method is applied to out- 
line and divide the mineral body into blocks and another to determine the 
parameters of each block. 


Methods of mining blocks, geologic blocks, and cross sections have been 
used for high-grade nonferrous veins developed by underground workings, and 
the polygon method for disseminated ore bodies (copper-zinc deposits in Butte, 
and copper-nickel deposits in Noril, U.S.S.R.). The Corrigan-McKinney Steel 
Company, Michigan and Minnesota, computed the reserves of No. l ore body by 
the average factors and area methods and the No. 2 ore body by the cross- 
section methods (28, p. 147). 


At the Inspiration mine, Arizona, disseminated copper ore reserves based 
on drilling were computed by polygons (quadrilateral prisms) and checked by 
the cross-section methods (60). At the Ray Copper mine, Arizona, large 
reserves of irregular bodies of disseminated ore, were computed by the mining 
blocks method for the portion of the ore body developed for underground mining 
and by vertical cross sections for the portion explored by churn and diamond 
drilling (61). 


At the Kennecott Copper mine, Bingham Canyon, Utah, the method of hori- 
zontal cross sections was used to separate each proposed bench of the open pit 
development of a large low-grade disseminated copper body. Mining blocks were 
used for computing reserves developed by underground workings and polygon 
method for areas explored by vertical churn drill holes. The triangular prism 
method was used for computing reserves explored by churn drills below under- 
ground workings (58). 


At the Copper Queen mine, Bisbee, Ariz., "ore in sight" reserves of an 
irregular and lenticular limestone-replacement body were computed by horizon- 
tal cross sections and probable reserves by two sets of vertical cross sec- 
tions constructed at right angles to each other. A low-grade copper-porphyry 
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deposit, explored by churn drill holes, was computed by the vertical cross- 
section method and checked by the triangular method (50). 


A combination of horizontal cross-section and polygon methods was used 
for the design of open pit operations for several large disseminated copper 
deposits (Berkeley pit, Butte, and Konrad, U.S.S.R.). Horizontal cross sec- 
tions were drawn for each proposed bench, and reserves within each of the two 
levels were computed by the polygon method. A combination of horizontal cross 
sections and geologic blocks for each level also has been used for multimetal 
deposits. (Kadain, U/S-<S.R.). 


Owing to the strict application of the rule of nearest points to the con- 
struction of polygons, the morphology and other peculiarities of mineral 
bodies, such as patterns or relationships between the elements, may be over- 
looked. A mineral body may show stability in thickness, uniformity of grade, 
or definite relationships between grade and thickness along strike better than 
down the dip. Gold and other heavy minerals in placer deposits may show to a 
greater degree gradual changes in distribution and grade in one direction than 
in another. Ash content in coal deposits may increase or decrease in a cer- 
tain direction owing to paleographic conditions. 


The grade of the ore in replacement deposits often depends on structural 
and lithological characteristics of the country rock. In such cases the 
method of polygons may be modified; holes may be first connected with auxil- 
iary lines on the basis of geomorphology and other peculiarities, such as 
strike, dip, or rake of the ore body. Square and rectangular blocks may then 
be formed by construction of lines parallel to and/or perpendicular to auxil- 
iary lines. This modification is often described in literature as a method of 
rectangles, or various areas of influence in contrast with the polygon or 
equal areas of influence method. 


Examples of reserve computations published as rectangular methods are 
classified in this report according to the accepted principles of interpreta- 
tion of exploration data; as mining blocks method, in underground mining; and 
as a simple modification of the polygon method, in a regularly spaced grid of 
drill holes. 


In irregularly spaced drill hole grids, the rectangular block construc- 
tion is found to be subjective, or affected by personal opinion. The use of 
such construction shows the same disadvantages and the same limitations as the 
method of triangles. 


Thus, the rectangular system may be considered as a combined method, if 
block construction is made on the basis of geologic, mining, and economic con- 
siderations, rather than on plain geometrical points of view, and the factors 
are computed by arithmetic average, by thickness-weighted average, or by area- 
weighted average, determined according to the rule of nearest points. 
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Source of Errors in Reserve Computations 


Combined average error in any reserve computations may be expressed by 


M,, = fa, .? * m,* + m7, 7 (85) 


average relative error of reserve computations; 


5 

1) 

La | 

@ 
= 
34 

(] 


Mm, 7- average relative error of technical errors; 


m, - average relative error of the method and formula used; 


m - average relative error due to the interpretation of exploration 
data. 


Random errors due to precision of observations compensate each other; 
they are small in comparison with errors of interpretation and may be dis- 
regarded. Biased errors, due to inexperienced personnel, equipment defects, 
and improper techniques of observations and analyses, may be appreciable and 
should be compensated for by correction factors prior to computations (part l). 


The comparative accuracy of various methods of computing reserves has 
been discussed in many publications (15, 46, 49, 53). According to foreign 
sources the variance in reserves of the same high category computed by differ- 
ent methods for a deposit rarely exceed 10 percent (appendix C). 

When the results of computations by a selected method are within 1 to 5 (ws 
percent of results received by other methods, they are considered by 
Stammberger to be accurate (59). 


In general, the average relative error of the method and formula used for 
reserve computations should lie within the same limits and should not exceed 
the average relative error for determining grade, as well as other factors; 
otherwise such errors will distort the precision of the results of exploration. 


In most cases these relative errors due to method are neglected, because 
the errors of interpretation are much larger and determine the accuracy of 
computations. The latter errors depend on the type and form of the deposit, 
on degree of variation in thickness, grade, and other factors, on the kind of 
exploration workings, their density, and on sample technique. 


SUMMARY 


Reserve computations of a mineral deposit are a geologic and engineering 
problem; it is often an intricate task. Selection of a method depends on the 
geology of the mineral deposit, the kind and density of workings, the 
appraisal of geologic and exploration data, and the accuracy required. Time 
and cost of computations are often important considerations. 


Knowledge of the mineral deposit's geology is a prerequisite to any 
reliable computation. This knowledge includes space location, size, shape, 
environment, country rock, overburden, and hydrology; average grade and dis- (@ 
tribution of valuable and detrimental constituents; and mineral, chemical and , 
physical characteristics of the raw material. 
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Accurate computations of a certain deposit require a properly selected 
and executed exploration program; that is kind of workings, drilling or under- 
ground system, number and density of observations, sampling procedure (loca- 
tion, sample interval, and weight of samples), and accurate measurements, 
analyses, and tests. 


To select the best method careful analysis of geology and exploration 
should be made. In general, the method (or combination of methods) selected 
should suit the purpose of computations and the required accuracy; it should 
also best reflect the character of the mineral deposit and the performed 
exploration. In a complex or irregular deposit, it is advisable to use two 
or more methods for better accuracy and self-confidence. An average of these 
methods may be accepted as a final result, or the values of one method may be 
considered as a control of others. 


The purpose of reserve computations is one of the most important consid- 
eration in selecting a method. For preliminary exploration the method should 
best illustrate the deposit, the operations, and permit sequential computa- 
tions and appraisal. Om the other hand, time-consuming procedures should be 
avoided if reserves are being computed for prospective planning. 


The system of mining, or the problem of selecting one, may influence the 
preference. A certain method of computation may facilitate more so than 
others the design of development and extraction operations owing to technical 
and economic factors (mining by levels, average grade, different cutoff, etc.). 
This explains why, in practice, methods of mining blocks and cross sections 
are preferred. 


The principles of interpretation of exploration data and the analytical 
perfection of formulas are also considered in method selection. The princi- 
ples that essentially uphold the described conventional methods are: 


Method: : Principles 


Ana LOgOus. occ ce ce ec cess cccccccces ses Geologic iimference. 
Geological DLIOCKS 2. «> nce s aatsiela's o o's o ails Do. 


Mining DLOCKS. .0.00sacsescosaseoce seessrining banacotner $considerations.- 


Standard cross section and isolines...Rule of gradual changes. 
Triangular PELSMSe cise cc cdeceteee state 4 Do. 


Ta near Cross SeCtIiON...,ecccceecscoseesRule Of nearest points. 
Polygonal DIiSMSsacscotdevtsasss tue whee Do. 


All formulas for computing volumes, tonnage, and average factors are 
approximate, because of the irregular size and shape of the mineral body, 
errors in substituting natural bodies by more simple geometric ones, geologic 
interpretation, assumptions, and inconsistency in the variables. Accuracy of 
the final results usually depends more on geologic interpretation and assump- 
tions rather than on the method used. Systematic exploration and uniform 
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sampling generally simplify the selection and the use of the conventional 
methods and produce greater accuracy. Reserves of the same category computed 
by different methods and based on the same data, usually differ slightly. 


The average factors and area methods are widely used by earth scientists. 
In the analogous method, reserves of a block of a deposit can be computed with 
reasonable accuracy by analysis of results of exploration, development, and 
extraction (past production) from adjoining blocks of the same or even geolog- 
ically similar deposits. In this method an individual block of the same or 
geologically similar deposit may be computed on the basis of limited, or even 
a single observation properly taken. In the geologic block method, the min- 
eral body is subdivided into segments and blocks essentially on the basis of 
geology; average factors for each segment or block are determined according to 
available data by various methods. 


The mining blocks method requires adequate data to allow subdivision of 
the mineral body into blocks either proved or semiproved for extraction. Most 
often it is used in mining thin and medium-thick veins and tabular bodies. 


The cross-section methods are the most convenient ways for computing 
reserves of uniform mineral deposits. In the standard cross-section method 
the mean-area formula of a prism with base areas in parallel sections is the 
most common one; it is precise when there is no large difference in size and 
shape of base areas. In case of disparity between base areas of more than 40 ( 


percent, frustum or prismoidal formulas are used. \ 


In underground mining, horizontal cross sections constructed along the 
proposed mining levels are often preferred in mine design. Two sets of ver- 
tical sections at right angles to each other would better illustrate stocklike 
bodies than any other method. Computations may be made with the final results 
taken as half the sum of both suites. 


The linear cross-section method, where reserves are first determined for 
a unit of area, unit of volume, or for the sections, is used with advantage in 
bedded and placer deposits. 


The method of isolines requires numerous observations with data more or 
less regularly distributed in the vertical or horizontal plane of the mineral 
deposits. It is applicable to deposits of gradual physical and chemical 
changes, such as sedimentary deposits. Large placer gold deposits, explored 
by hundreds of shallow pits or drill holes, may be well illustrated and 
evaluated by the method of isolines. 


The analytical methods (triangular and polygonal prisms) are deficient 
in exposing the morphology of the mineral body and the fluctuations of varia- 
bles within the individual blocks. Although average thickness and grade are 
computed, the pattern of their space distribution is not revealed. 


The method of triangles is applicable to a few predominantly sedimentary @ 
deposits, the mineralization of which is consistent with the rule of gradual 
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changes. The method must be carefully applied. Errors of computations may 
be very high owing to irregularities in variables and unsystematic 
exploration. 


The polygonal method is successfully used in computing reserves of tabu- 
lar deposits, such as sedimentary beds of coal, phosphate rock, and oil 
shales; blanket-type, large lenses; and thick vein bodies. The accuracy of 
the results increases with the number of blocks and the density of the grid 
of workings and drill holes. 
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APPENDIX A. 






Units 






FOGtN cs eee ee 
Yarda(jetc, 
Mile (5,280 LEYSK we cree 


@eeeeaeseoeaeee ee 









SdUar CMEOOL, hs ged « woteve 
Square yard (9 sq ft)... 
Acre’ (435560 sq 8). -/.. 
Square mile (640 acres). 









Cubic feet 
Cubic: yard, sae. ° 










eeoeeeveeesee8e 


Ounce (troy) 
Pounde@( troys). seins: + aera 
Lon ;m@snor t.362000 Sib}, a. 
Ton; slonge(2,240) lb) y.. < 


standard 








- ENGLISH AND METRIC SYSTEMS AND CONVERSION FACTORS 









Metric system 
Conversion factor 
to English system 








Linear Measure 





te silts 200G LC 
0.6214 mile 


0.3048 m 
0.9144 m 
1.6093 km 


Meter... 
Kilometer... 













Land or Area Measures 





10.764 sq ft 
0.3861 sq mi 
2.4710 acres 


Square meter.... 
Square kilometer 
Hectare.... 


sq m 
sq m 
hectare 
sq km 












0.8361 
0.4047 





Volume Measure 


35.314 cu ft 
1.3079 cu yd 






Cubic meter 







Weight Measure 















0.0355. 62 
PP Sot SO 0.0322 oz (troy) 
KSLOGT Ams stuie ateate 2.2046 1b 
; Mocei cue oe 1.1023 short ton 
0.9072 metric ton 7g 0.9842 long ton 






1.0160 metric ton 







lAvoirdupois weights when not noted. 


Source: 


Peele, Mining Engineers’ Handbook, v. 2, pp. 45-49. 
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APPENDIX B. - USAGE OF VARIOUS METHODS FOR RESERVE COMPUTATIONS 
FOR SOLID MINERAL DEPOSITS IN U.S.S.R. 
(percentage of totals) 


TABLE B-l. - Computation by type of solid mineral deposits? 





Method [ES a Beeler ceaia onl 
deposits deposits shale deposits 
Geological blocks... ..cceccscccecccccces si, 46 69 
Mining blocks. ..cccccccccccccccccsccccces 12 - - 
CrOSS SECTIONS... -ceccsccceccccsscccece 48 37 1 
TsoLlineS...cccccccccccccccccccceccsccccce — v4 - 
Poly gZonsS...ccececcccce nin ssleiaie & is 6 @ ele sis oats 2 14 30 
TLLANGLES. ccs scoodsccscsssensenes wre eceieie 1 if - 
OU late aio sie sts ele a ee +c ana s o's .eiaie.s\s\s e's 100 100 100 


las considered by the All Union Committee of Mineral Reserves, U.S.S.R., for 
1941-61. 


Source: Reference 57, table 22, p. 205. 


TABLE B-2. - Solid mineral deposits by selected years 
1941-47 1951 





Method 














Geological blocks....ccccccccccccccces 36 
Mining blockS....cccccccccccccccececes 15 
CroSS SECTIONS... ..ccerccccccccccccccs 46 
PolygonS..ccccccccsccccccccccseceseces 2 
Triangles...cccccsscvccccccccccsessocs 1 


Rectangular. .cccccccccccccceresesesces 


OtherSccovcccccevscccsssccssesvccccseccos 


Tota live hoes as Te ee es 





Source: Reference 57, table 23, p. 206. 
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APPENDIX C. - A COMPARISON OF RESERVE COMPUTATIONS MADE 
BY VARIOUS METHODS (U.S.S.R.) 


TABLE C-1. - Polymetal deposit in Altai, U.S.S.R.2 


Methods of computations Reserves, percent 


| Ore | Copper | Lead | Zinc | Gold | Silver 


Average factors and area: 


Thickness-weighted average...........- | 100 100 100 
Average factors and area 

(arithmetic Nevaeh eee 100 85 90 
CrOSS SECTIONS. cccccccccccccccccccccoecs 91 97 99 
PolygZOncacccaccdascacseuwersdscseacveces 99 104 106 
Triangles ss cccas cas sis aisuisiele ¢ o'elabeiaie slats ale 95 104 90 
Triangles modified by the areas of 

influence for each working.......ceee- 95 99 94 





‘Data for 26 holes--3 holes crossed high-grade lead ore of narrow width. 


Source: Reference 46, table 3, p. 29. 





TABLE C-2. - Bauxite deposit in Tichvin district, UssSeoekee 


Average factors and area (arithmetic average): 


Index. @eeoees0eee0e8e8ee1ee?e @eeeeeesee*ee*ee7s52seeeneese#eeeseesese7#ee @eeeeees 100 
CLOSS SECELONS « sslite.c Sictate 6 ae Sletate eMe 0 de, acetele Metstste «ake > eote ten OS 
POLY ONS 55:5 osc a ocalevee Ae «lenin ee o.pon la aipin cele le seie ole eet eee ae She aS) 


Triang less sss swe ers woes crorere Wlalosscataraste die giver oinis ave onatetalp aie 97.2 
1Data for 3 bauxite deposits explored by 41 holes. 


Source: Reference 46, table 4, p. 29. 
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APPENDIX D. - FORMULAS 


Main Elements 


Relationship between true, horizontal, and vertical thicknesses. 


t,, = t,sinB = t,cosp 


True thickness - correction, when a = 0. 


t., ms tes sin (Bp + @) 


Horizontal thickness - correction, when a = 0. 


sin (B + 6) 
sin 8 


eS 


Vertical thickness - correction, when a = 0. 


sin (B + 8) 
a oe ee 
cos 8 
General case - true thickness 
eat (cos a sin g cos g + sin § sin 8) 


General case - horizontal thickness 

tian;t,.. (cos @ cos g - cotan § sin 8) 
General case - vertical thickness 

t= t- . Gos 8 (cos q tan B + tan 8) 


Rule of Gradual Changes 


ie Sere 
(eo 5 , 
AC 
EC = agitate uot. 
Computations 


Average thickness 


i + + t, = eee + Ct 
n 


t.. = = 


av 








105 


Page 


10 


10 


23 
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ll. 


12. 


TS. 


14. 


15. 


Ls 


Lica 


18. 


19. 


20. 


Zi. 


22. 


oe 


24. 


Area - Trapezoid formula 


S = (=) h 


Trapezoidal rule 


n 
l 


=h ——— + a, + ag + eee + aera 


Simpson's rule 


¢2) 
i) 


Sh (a, +22 4544 taGsea. ves tae.) 


Volume for a block 


< 
i} 

n 

ct 


Volume for the entire body 
Vix, Vo EPaVal et tgs tae ee Y.-S t, Spt tS, + t35, + +--+ + ts. 


Weight - ore tonnage 


Q= = and Q = Vf 
Q=Q +&+Q + eee +A = Vf, + Vof, + V3fy + --- + Vata 
Q = WD 
DoeGing oo) 


Diet r (l - M, ) 


Eich 2,000 ¢3/s.t. or ja ee, 2,240 ¢e3/Lit. 
ia 624 55D = We 6255 5D 
f aoe or 2,240 or 62.5 D 
ee Fuge 


Qe Dre ca Vs Dag tidiaDs + -<° Vi Da 
Grade 
Arithmetic average 


C, 8 Cy +63 4 se FHcn 





va n 





Page 


26 


26 


27 


Zi 


oe 





ai 


28 


28 


28 


he 


29 


A) 





25. Thickness - Weighted average 


“ay + +t, + +t 
q& G& 3 eee D 


26. Area - Weighted average 


o cS, + C35, + C35, + --. + 0,5, 


afi! Speech th Sat eos + S 


27. Volumetric average 


“av Th Ln eee ae 


28. Gravimetric average 


Cay 
Q ge Qn Qare te ofe.0) +; Q. 
29a. Weight-metal tonnage 
om EC 
29b. may 
Cay = Q 
30. Correction factor for grade 
, Cc 
E=— 
Cy 
Errors 


31. Errors for the entire body 


MY ea N 
32. MP, +M,P, +... + MP, 
Tao he 
Mining Blocks Method 
33. ) Eat etoetats +t, 
Ry . 4 
KEN, CG + Co +g +c 
Cc = 
av 4 


eae +o6 + C,t, +... + Cf, 


cq V, + GC, Va + CgVg + «2+ + CnrVn 


Sy Su Si were emer 253 Bhs ATs a 


30 


30 


30 


30 


30 


30 


35 


36 


36 


48 


48 
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Page 
80 +t + tale. + ty i: 
35% as oa L rg L = L, - L, 
el + Gly + tgly + Ly a. 
Ss, + + €,8, + t,8 
37. ae rer ra “a 
st 2 3 4 
+c 
39. cy Syosset aul 
L+k 
3t, + 
40. on =a aa 51 
4 
3cugr Co 
1 
al, C..0) 02 oe ee 
ike Sy oso es te OS Vo eet lc gy Se 
42. t = DE EN sn OMe Yash EE ge eee 54 
av n+m 
Cos HOS OF ee Hi Cease C10 0 Gl, ace 
ey c r _ ee 2 n vl 2 a 53 
a nem 
; + +... +t. + tl 
44° 0 oe So pa een aes 53 
ie n+l 
+8 CoP ewe eG) ek Ce 
“5 Cc a ce epee Sa eceeun ats 53 
ad eae a 
Cross Sections Method 
46. Mean-area formula 
(S| +S 
V = CS wt Sed x 56 
2 
47. End-area formula (equal distances between sections) 
v= (S, + 28, + 28, +... + S,) 3 38 
48. Volume for entire body (unequal distances between sections) 
Ce Soe CS. a S52 USnciuaeesce 
sf nnaee mame Pe mre weet Ee 58 





49. Wedge formula 


50. More accurate wedge formula 


V == (2a + a) b sina 


51. Cone formula 


ves 
3 
52. Frustum formula 
V= 3 (S + & +/B 82) 
53. Prismoidal formula L 
V=(S, + 4M + S) 6 


54. Prismoidal correction factor - C (for triangular prism) 
ele pe, ah © 
C==(S - M+ Se) = (a - a2) (b, - be) 
3 12 
55. Value of M for prismoidal formula 


oe + a2) (db; + be) 
i 2 2 


56. Obelisk formula 


< 
| 


(a; +a2) (bd, +be) ] 


E (Sy +atieSe )pm 4) Sad 
=— By en 
Gicens ei : 


15 ve , debe seh) | 


57. Bauman's formla 


Ve= 


ele 


(+ Se) - Bor v = = (35, + 3S - R) 
The Standard Method for Nonparallel Sections 
58. Angle less than 10° 


Veg erd eee int tare be) 
‘ 2 2 

& 59. Angle greater than 10° 
ment Ssaemenee Wo Usinet che ) 


sins 2 2 


110 


aan 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


Linear Method 

Ore tonnage (based on linear ore reserves) 

Q =q.A 
Metal tonnage (based on linear metal reserves) 

P=p,A 
Ore tonnage (based on ore reserves per cubic unit) 

Q =qavV 
Metal tonnage (based on metal reserves per cubic unit) 

P =p,V 


Method of Isolines 


Vo lume 
1 pig 
auar S. +. (Se? + Sa°") 
2 
Vs = bless + Sgi*) + (Ss? - S531) | 
Grade 


Cav A, 
Method of triangles 
For triangular prism - volume 
v= F(t + to + t,) S 
For triangular prism - grade 


Clee Gor arcs 
Cav 3 


Cy tC) ae) to =e Cats, 





Civile ty + to abs 
Ore tonnage 
Q Lal or (q, + qa + qs) S 
F 3 


Cc 
Cobo + 2 (Ag + 2A, + 2h + --- + AQ) 


68 


68 


69 


69 


74 


74 


di 


v7 


ria 


77 


———— 





7A; 


72. 


73. 


74. 


TDs 


76. 


77. 


78. 


79. 


80. 


Metal tonnage 


(ci + Ge + I39C3) (Pp, + Pe + Ps) 


P = Qc,y, or 
Number of connecting lines 
NL = 3m + 2ne + 3, or N = 3 (m - 1) + 2m 
Number of triangles 
Ney = 2n, + -22=2(m -1) +m 
The relative error for rectangular prism 


AV=V, - Ve =< (ty +2te+tsg+2t,) S - + (2t, +te+2tg+t,) S 


OlrH 


or AV=t 7 (ty) -tettg-t,) 
Condition for precise volume computations in rectangular prism 
t +t, =te +t, 
General case - average thickness 


_ 4t, + % + tg 


tay me 6 
Case of tz, = 0 
3t, + 
tay =—2 ; te 
Case of tz, and tz = 0 
ty 
Cay Trg 


77 


79 


79 


82 


82 


83 


83 


83 


83 


83 
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S Page 
81. Metal reserves for the entire body (s = y 
N 
P=ls £& tfck | 83 
32 fel 
82. Metal tonnage 
P’= Ct) h GG + Caaa too. ecu 87 
83. Square net of workings - one block 
(t, + +t, +t 
yo eee te 3 4) m 88 
4 
84. Square net of workings for the entire body (s = 2) 
Cyr Eo gekh ot. ee alectere © 
= oe ee 88 


85. Total average relative error 





My =./m,.* + m, + m,° a2 
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APPENDIX E. - GLOSSARY 


Selected terms used in this report are included in the following 
definitions. 


Area reserves. - Reserves computed for a certain area. 


Arithmetic average or mean. - Simple average of a suite of quantities, meas- 
urements, analyses, etc.; sum of a suite divided on the number of quantities. 


Block. - A unit of mineral body delineated by various principles of interpreta- 
tion of exploration data; varies with the method of computations. 


Inside perimeter. - The portion of a mineral deposit delineated by outlying 
mine workings. 


Linear metal reserves. - Metal reserves for an area unit, such as square foot 
foot and square meter (product of linear ore reserves and average grade), in 
tons or other weight units. 


Linear ore reserves. - Ore reserves computed for an area unit, such as square 
foot or square meter, in tons or. other weight units. 


Mine workings. - All surface and underground exploration, development, and 
& exploitation exposures of a mineral body; drilling included. 


Ore. - A mineral substance that can be mined at present at profit to the 
operator or to the benefit of the nation.? 


Outside perimeter. - Portion of a mineral deposit extended beyond the outlying 
mine workings; delineated according to geological evidence or certain 
principles. 


Parameters of a mineral body. - A series of physical and chemical constants 
which express this body. 


Reserves. - Mineral material considered exploitable under existing conditions; 
including cost, price, technology, and local circumstances (7). 


Resources. - Reserves plus potential raw material; includes marginal, submar- 
ginal, and latent categories (7). 


Section reserves. - Reserves along a section--one unit of length wide. 
Segment. - A large portion of a mineral body. 


Underground mine workings. - Exploration and development shafts, adit, drifts, 
crosscuts, raises, and winzes; drilling excluded. 


Unit volume reserves. - Reserves computed for one unit of volume, such as 
cubic foot, cubic yard, or cubic meter. 


| ® +Definition approved by the United Nations Educational, Scientific and Cul- 
tural Organizations. 
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Since the deregulation of gold prices in 1971, the value of the 
metal has soared, reaching a peak of more than $800/oz and 
in recent months oscillating between $400/oz and $450/o0z. 
In response to these prices, many mining companies are 
re-evaluating old prospects and exploring for new ore. 

With this in mind, the Colorado School of Mines recently 
held its annual short course in gold and silver technology, 
which included a section on gold geology for those new to 
gold prospecting (see box). The following article is based on 
the geology seminar, and offers an introduction to the major 
types of gold deposits, requisites for their formation, and 
descriptions of several significant worldwide occurrences. 

A second E&MJ article, based on an upcoming Penn State 
seminar, is planned for the July issue of the magazine and 
will cover in more detail current geochemical exploration 
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Colorado. The various shades of gold color are primarily due to silver 
impurities. At a composition of AussAges, the alloy becomes almost visually 
indistinguishable from pure siver. Other common impurities inctude Cu, Al, 





developments for gold, as well as the ideas and controversies 
regarding source rocks, source fluids, modes of transport, and 
modes of deposition. 


DISTRIBUTION AND ASSOCIATIONS 


Gold is widely distributed in the Earth’s crust and its 
oceans, but only rarely does it occur in concentrations great 
enough to permit economic recovery. Crustal rocks contain 
an average of only 5 ppb of gold, and some more auriferous 
crustal rock.types average up to 10-12 ppb (Table 1). To 
produce an orebody, these low-grade “source rocks” must be 
geologically reworked under special conditions that concen- 
trate the gold values by some 3,500 times. Such conditions, 
however, are rare in geologic space and time. 
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Fe, Bi, Sn, Pb, Zn, Pd, and Pt. Photos are from the collection of Dr. Juéus 
Weber, Associate of the Department of Mineralogy, The American Museum 
of Natural History, New York. 





Gold is located in Group 1B of the periodic table, and it 
follows other Group 1B elements, such as silver and copper, 
during primary geochemical processes. As a result of its 
siderophile characteristics, gold concentrates in residual flu- 
ids and subsequent metallic or sulphide phases rather than in 
the earlier silicate crystals of cooling magmas. In hydrother- 
mal deposits, gold is associated with mercury, bismuth, 
antimony, arsenic, selenium, tellurium, and thallium, as well 
as silver and copper. In magmatic deposits, gold is associated 
with the platinum group metals (PGMs). 

Gold usually occurs in its native form or as gold-silver 
electrums or tellurides. It often substitutes for other chemi- 
cally similar elements or forms tiny inclusions in the more 
common minerals, such as in pyrite, arsenopyrite, chalcopy- 
rite, stibnite (Sb2S;), orpiment (As2S3), and realgar (AsS). 




































THE COLORADO SCHOOL OF MINES 
PRECIOUS METALS SHORT COURSE 


A recent Colorado School of Mines four-day short 
course on “Gold and Silver for Experienced Miners, 
Prospectors, Processors, and Investors” covered the 
geology, mining, metallurgy, and financing of precious 
metals projects. The geology seminar, upon which this 
article was based, was presented by Dr. Samuel B. 
Romberger, associate professor of geology at the Colo- 
rado School of Mines. as 

Gold geology course notes and a “Selected Bibliog- 
raphy on the Geology and Geochemistry of Gold and’ 
Silver,” containing 927 references dating 1950-1981, 
was distributed to all attendees. These references are 
available from Dr. Romberger (303-279-0300) for a 
small fee. , a 

Other speakers at the short course included Dr. 
Robert Trent of CSM (mining), Dr. William Rex Bull 
of CSM (mineral processing), and Philip O. Sancken 
of the Denver-based banking firm of Boettcher and 
Co. (project financing). After the seminars, the atten- 
dees were invited to visit the CSM experimental mine 
and the milling facilities of Hendricks-Good Milling 
Co. The mining and milling developments at Hen- 
dricks are also described in this issue of E& MJ. 

The Colorado School of Mines plans to hold two 
“gold and silver” short courses annually; the above 
course is held every October, and a more basic intro- 
ductory course is held each April. Dan Witkowsky, of 
the US Bureau of Mines in Denver, is the organizer- 
director of both courses. For information about either 
course, contact the CSM Dept. of Continuing Educa- 
tion at 303-279-0300. 
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Fig. 1—Outcrop of a gold-quariz vein supplying material to form eluvial and alluvial placers 
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Source: Boyte, 1979. 


The geochemical conditions required to form auriferous 


Table 1—Gold content of selected igneous, ore deposits are highly complex and are being studied by 


metamorphic, and sedimentary rocks research scientists. To understand these deposits and predict 
ae 7a ase epee their occurrence, geologists and geochemists try to decipher 
Rock type analyses Av. Range ence the sources of the mineralizing solutions (i.e., magmatic, 
; = meteoric, or metamorphic), sources of the precious metals 
fae Lag hong ey “a ie = a (2) (i.e., magmas or pre-existing rocks through which the miner- 
ea nae nae Rioge basatts ew ge ee E: alizing fluids migrate), mechanisms of transport (i.e., solu- 
i a a ee eS tion chemistry as affected by temperature, pressure, Com- 
Skaergaard Intrusion: plexing agents, acidity), structural factors that describe the 
| _ marginal gabbro 4.6 (3) plumbing system (¢.g., calderas, joints, breccias, permeability 
' Granites << ples (4) of sandstones or conglomerates, etc.), mechanisms of deposi- 
' Granodiorites i Sa tion (¢.g., cooling, boiling, changes in pH, changes in the 
een and trachites = 7 oxidation state, dilution, etc.), and the geology at the deposi- 
Diorites - art: ” tional environment. 
Altai-Sayan gabbroids 14 6.4 - The most important gold deposits occur either as placers or 
intrusive basalts 19 10 a as hydrothermal ores. Gold can also be economically recov- 
 tetiteaee ehbiley o ae Ff ered as a by-product of some magmatic deposits, such as in 
paps se oetegt ic - af ” the nickeliferous Sudbury Basin of northern Ontario, but 
ee ee these types of occurrences will not be described here. 
Tholeiitic basalt (Mauna wh 
_ Loa, Hawaii) 3 42 (5) 
Mid-Atlantic Ridge and GOLD PLACER DEPOSITS 
East Pacific Rise basalts 4 0.3 = 
Granite 13 28 (6) Most of the world’s economically recoverable gold is in 
Syenite ae 2 oa 3 placers, an alluvial or sometimes eluvial type of deposit in 
, Gabbro 230 «5A which gold has been concentrated through physical processes 
Tnvottie p: a8 = because of its high density and weather-resistant characteris- 
’ Trachyte 12 65 ” tics. Several prerequisites are necessary to form placer 
” Andesite 13 5.2 ; - deposits, including: 1) a source for the gold, which could be 
Basalt 11 3.2 x gold-quartz veins, gold-bearing sulphide deposits, auriferous 
amet * - = conglomerates, or previous placers; 2) a long period of deep 
Gneiss 1 18 ” chemical and mechanical weathering; 3) concentration of 
’ Schist 12 5.0 . gold particles by gravity or by moving water, and 4) the 
~Gabbro (Southern Calif. absence of glaciation (Fig. 1). Typical sites for placer 
" patholith) 6 47 0.7-11.6 (7) accumulations occur where obstructions or deflecting barri- 
Tonalite (Southern Calif. ers trap rolling or partially suspended dense and coarse 
ables eR Te Sieg PTS Gee particles in stream channels while faster-moving waters carry 
ae ome spd 27 see away the suspended load of light and finer-grained materials. 
~ Low-K20 basalt (Oceanic Some of the more typical sites are shown in Fig. 2. 
ridges) 7 12 0.5- 2.0 " Because of its higher density relative to other river sedi- 
Alkali basalt (Oceanic 2 ments, gold particles collect at these obstructions or where 
an sdutts Riewour’) ¥ “fs a ae ” they suddenly enter a lower-energy environment. For these 
Basalt (Snake River, Idaho) 19 0.5 0.1- 1.3 +s reasons, the richest and coarsest gold fraction often occurs 
Dacite (W. Cascades, Ore.) 6... 11., 06- 1.4 7 with the coarser sedimentary material, in the upper reaches 
Andesite (W. Cascades, Ore.) 9 3-4 05-107 ‘i of the stream valley, and/or at the bottom of steep gradients. 
Basalt (W. Cascades, Ore } 4.48.33 : The finer gold typically occurs downstream at lower gradi- 
a = ents, with sandier sediments. 
lle eal In some areas, subsequent depositional processes have 
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Fig. 2—Typical sites for placer accumulations 


Stream flow ——> 














Obstructing or deflecting barriers 
allow faster-moving waters to carry 
away the suspended load of light 
and fine-grained material while 
trapping the more dense and 
coarse particles, which are 
moving along the bottom by rolling 
Prevailing sg or by partial suspension. - 

current - | Placers may form wherever 

. Moving water occurs, 

though they are most commonly 
associated with streams. 











In covered rock holes 





Downstream from the mouth in the e ocean behind bars against 


of a tributary the prevailing current 


On the inside of meander loops 
; From Skinner, 1969. 



















Fig. 3—~Generalized geological map and geological column 
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Helin dee 2 “rr Flat-tying sediments with coal seams —Karroo System 
Shales and arenaceous sediments ‘ 
Various igneous rock types of teke eae 3 : Ventersdorp 
=< Bushveld and other pre-Karroo age , Contact Reef....... aN. 
£5] Sediments, lava flows. and intrusions Pretoria Series " Elsbura Reefs 
TF Dolomitic limestone and chert Dolomite Series» Lransvaal 1 ie 
Som cea a System i 
ae, Quartzite, conglomerate. and shale Black Reef Series Kimberley Reefs .....— K— 
( Mmm Mostly volcanics, with large zones 
of quartzites, quartz-pebble and Bird, Basal, and 
Ys other conglomerates, boulder beds se cad: Jey, Vaal Reefs ......... =—pa 
Precambrian Me <) and tuffaceous shales. 
p Mostly quartzites with quartz-pebble | Upper "Main Reef Group 
Vy conglomerates and a lesser zone of s Division « : including Main Reef, 
ly shale (Kimberley shale) Witwatersrand ' Main Reef Leader, 
System : South Reef, 
Shales (some magnetic), quartzites, | Lower j Carbon Leader, etc. ...—M— 
2 LL) grits, quartz-pebble conglomerates Division ; 
Dey Volcanics and basal sediments, includ- oe Government Reet . .. .- Ges 
X ing quartz-pebble conglomerates Dominion Reef System 
Gneisses, schists, granite Basement Complex Dominion Reef ....... —0— 


Source: Boyle. 1979. 


Table 2—Generalized geological column, Witwatersrand Basin, South Africa 


System Lithology and remarks 





Karroo Flat-lying shales, grits, sandstones, etc. with coal seams 





@ 
Permo-Car- 
boniferous 


Unconformity 





: Transvaal Shales, quartzites, dolomite, chert, conglomerate, lava flows, etc. 
' Black Reef at base 





Unconformity 





Mainly andesitic and basaltic lavas with porphyries, felsites, tuffs, 
shales, cherts, and breccia, some quartzites and conglomerates. 
Ventersdorp Contact Reef at base ; 





Conformity in some areas; unconformity in others 








Mostly quartzites and conglomerates, and minor 
shale. Contains the auriferous Efsbors: Kimberley, 
Bird, and Main Reef groups ¥ 


Upper Division 





| Witwatersrand Conformity in places; unconformity in others 


| 
) Ventersdorp 


conglomerate. Contains the auriferous Government Reef and 
other gold-bearing reefs near the middle of the division 


Lower Division 


—. Precambrian 


| Amygdaloidal lava at top, shales, quartzites, grits, 





Unconformity 





Dominion Reef Conglomerate, quartzite, grit, arkose, amygdaloidal andesites, felsites 
| and rhyolite. Auriferous Dominion Reef at base 





Great unconformity 





Amphibolites, actinolite, and hornblende schists, talc schists, ser- 


Swaziland 
pentinites, gneisses, and, intrusive granitic rocks 


(Basement rocks) 


@ 





Table 3—Generalized stratigraphical column 
for the Witwatersrand System in the 
Central Rand 


Thick- 


t 

f Main stratl- ness of 
Division Series grapical marker 
and total and total marker hori- 
thickness (ft) thickness (ft) horizons zons(ft) 


Ce ee eee 

’ Upper division Kimberley- Elsburg Reefs 1,500 

’ Witwatersrand Elsburg Series Kimberley Reefs 600 
System (9,400) 6,100 Kimberley Shales 550 

Mainly quart- —_ 
zites and con-— Main-Bird Bird Reef Marker 100 
glomerates with Series Bird Reefs 300 


ve 


ee 


minor shale 3,300 Main Reef Group 100 
| os eee 
Lower division Jeppestown Jeppestown 100 
Witwatersrand Series Amygdaloid — 


System (15,200) 3,8C0 


Mainly shales, EE 


ee ew 





quarizites, Government Government Reef 5 
grits, andcon- Reef Series Coronation Reef 5 
glomerates 6,100 Coronation (orWest 500 
Rang) Shales 
Promise Reef 5 
nes IF tg Sas reer oo Sannin A, 
Hospital Hill  HospitalHall  - 1,300 
| Series Quanizites 
5,300 Contorted Bed 150 
Speckled Bed 5 
Ripple-marked 20 
Quantzites 
H Water Tower Slates 800 
Orange Grove 550 
Quartzites 


Source: Brock and Pretorius (1964b).® 


buried the placer deposits, rendering ¢hemeh more difficult to 
find. For example, gold placers are buried under volcanic 
rocks in California and Australia, under glacial deposits in 
eastern Canada, under eolian deposits in Australia, and 
under talus deposits, alluvial sands and gravels, and marine 
and lacustrine deposits in other areas. 

The largest known gold deposits are the “paleoplacers,” 
also known as quartz pebble conglomerates. These deposits 
have produced about 60% of the world’s gold in the past 50 
years and are often associated with uranium, thorium, and 
the rare earth elements. The best known examples are in the 
Witwatersrand in South Africa, Jacobina in Brazil, and 
Elliot Lake and Blind River in Canada. Less well-known 
paleoplacers occur in Ghana, Rhodesia, Tanzania, Zaire, 
Finland, Australia, and the USSR. 

All of the productive quartz-pebble conglomerates are 
Precambrian in age and lie within a sedimentary sequence 
overlying the unconformity between the Archean basement 
and Lower Proterozoic rocks. Mineralization is often as 
lenses, stringers, or leads; and though only a few feet thick, 
they can extend from tens to hundreds of miles. The pebbles 
are predominantly quartz with some chert, porphyry, and 
slate, and are often rounded, sorted, and abraded. The 
fine-grained matrix is composed of quartz, sericite, chlorite, 
chloritoid, and accessory minerals. 


THE WITWATERSRAND BASIN 


Over 1 billion oz of gold, 100 million oz of silver, and 
significant quantities of uranium and platinum group metals 
have been recovered from the Witwatersrand of South 
Africa, well known as the world’s largest supplier of gold (30 
million oz of gold produced each year). Discovered in 1886, 
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Fig. 4—““Basin edge” concept of the Rand 


Local unconformity near disturbed edge of basin 
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Lower Witwatersrand 


the Witwatersrand Basin consists of a synclinal trough with 
local peripheral faults and cross-fractures with major orebod- 
ies along the northeast, east, west, and southern edges of the 
basin. aN 

The mineralized horizons, which average 0.1-0.3 oz/t gold, 
overlie the Swaziland System of deformed Precambrian 
basement metamorphics and are overlain by the Permo- 
Carboniferous, flat-lying shales and sandstones of the Karoo 
System (Tables 2 and 3, Fig. 3). Gold mineralization occurs 
at the bases of four separate Precambrian Systems: the 
Dominion Reef, Witwatersrand, Ventersdorp, and Transvaal. 
The most productive conglomerates, however, occur at the 
upper division of the Witwatersrand System (Main Reef and 
Bird Reef). 

The most important gold occurrences are in matrices of 
the conglomerates and in banded quartzites, both of which 
represent sedimentation in the initial stages of a cycle. Gold 
also occurs in quartzites along unconformity planes, and in 
carbon seams, quartz veins, and dykes, all of which represent 
concentration mechanisms during the terminal stages of a 
sedimentary cycle. Most of the gold is detrital, but there is 
some evidence of remobilization by solutions during meta- 
morphism. 

Numerous hypotheses have been proposed to explain the 
depositional environment of the basin’s sediments and volca- 
nics, but the most recent model focuses on deposition in a 
closed fault-bounded continental basin, which became less 
stable with time (Fig. 4). This “basin edge” concept for the 
mineralization of the “Rand” involves the concentration of 
gold in fluvial fan or fan-delta deposits where a river emptied 
into a lake or inland sea. The detrital material is believed to 
have been constantly reworked in braided channels at the 
head of the fan and by shallow water currents. The Rand 
System is now being reinterpreted as an intermountain lake 
system with its gold reworked into stream channels. This 
interpretation supplants older models, which presumed a 
marine setting for the ore paragenesis. 
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The general “basin edge” concept suggests a ‘blanket’ 
on a smooth depositional floor, which is fed by ellipsoidal 
pebbles accumulated on the littoral ‘pebble mill’ released 
under exceptional (but not cataclysmic) conditions. The 
pebbles were moved by wave bottom effects assisted by 
a el Boyle (1979)' and after Brock and Pretorius 
(1964). 


THE JACOBINA GOLD DEPOSITS 


A second major “paleoplacer™ occurs at Jacobina, Brazil, 
where ore grading 0.25-0.45 oz/t gold with significant quan- 
tities of uranium is found in Lower Proterozoic conglomer- 
ates above the Archean unconformity. The origin of these 
deposits is considered to be a combination of placer forma- 
tion and later modification by solutions during metamor- 
phism. Some plate tectonic advocates are eager to point out 
that Brazil may have been close to the Witwatersrand Basin 
at some time during the Precambrian. The details of the 
geology of the deposit are described in The Geochemistry of 


Gold and its Deposits.' 
HYDROTHERMAL GOLD DEPOSITS 


Most hydrothermal gold deposits fall into one of two major 
categories: those associated with Tertiary volcanism or hot 
spring activity; and those hosted by Precambrian metamor- 
phic rocks. 


Hydrothermal gold and Tertiary volcanism. These deposits 
can be hosted by volcanic rocks (e.g., the San Juan mountain 
area of Colorado) or by older Paleozoic-Mesozoic sedimenta- 
ry rocks (¢.g., Carlin, Nevada). The important requisites for 
these deposits are: 1) extensive masses of volcanics, which 
provide a good potential source of metals; 2) volcanic 
collapse calderas, to supply the plumbing systems for the 
migrating hydrothermal fluids; and 3) continuing igneous 
activity, which supplies the heat to drive the convecting 
hydrothermal system. 

Fluid inclusion and isotopic evidence indicate that the 


‘ water is often meteoric, with NaCl equivalent salinites 


usually less than 1%. Typical mineralization models propose 
rising heated solutions through the convecting system fol- 
lowed by chemical changes of the fluid and subsequent 
mincral precipitation. The most important chemical changes 


7\ 





inciude boiling of the hydrothermal solutions, loss of volatiles 
with subscquent increase in pH, loss of complexing anions 
with the vapor, and cooling of the fluids. 

The San Juan volcanic field of southwest Colorado is one 
of the most studied and best known mineralized caldera 
systems. The total volume of the field exceeds 1,000 km?, 
with volcanic sequences often exceeding 2 km in thickness. 
All of the ore deposits in the area are controlled by structures 
related to calderas, of which 15 have been recognized in the 
area. For example, in the Silverton-Lake City area, minerali- 
zation is localized in fractures radiating outward from the 
caldera, in breccia pipes localized along concentric ring 
fractures bounding the caldera, and-in the Eureka graben. 

In Nevada, mineralization in Tertiary volcanics is controlled 
by caldera rim fractures (e.g., Bullfrog, Goldfield), by areas of 
local uplift that may indicate local intrusions at depth (e.g., 
Tonapah, Goldfield, Comestock, Bodie, Aurora), and by groups 
of veins and breccia pipes near centers of the volcanic systems 
(e.g., Silver Peak, Majuba Hill, and Bodie).* 

Low-grade disseminated gold deposits in Nevada and 
Utah also seem to be associated with Tertiary igneous 
activity, even though mineralization commonly occurs in 
rocks as old as the Paleozoic. The largest producer from this 
type of gold deposit is at Carlin, Nev. Other similar deposits 
are in Cortez and Getchell, Nev.; and the Mercur District in 
Utah. 

About 3.2 million tr oz of gold have been produced from 
the Silurian-Devonian Roberts Mountain formation at Car- 
lin. Newmont geologists discovered the deposit via geochemi- 
cal prospecting techniques in 1962, and the deposit has been 
open-pit mined since 1965. Mineralization is believed to be 
controlled by Tertiary normal faults and occurs in northwest- 
trending fractures, subsidiary fractures, and adjacent carbon- 
ates. Organic material is always present and can reach up to 
8% near unoxidized ore zones. 

The contemporary genetic model for Carlin involves depo- 
sition of gold from deeply circulated groundwater in lime- 
stone, in association with late-Tertiary hot spring activity. 


DUT ag i 
* The detailed geology of some of these areas is summarized, with references, 
in the geology handouts provided by Dr. Romberger in the seminar. 


lf you need help with 
your subscription... 


call collect* to 


608-448-8110 


(between 9 a.m. and 4 p.m. EST) 


72 


Mineralization is accompanied by extensive solution of the 
host limestone, which resulted in the permeability required 
for gold deposition. Fluid inclusion and isotopic studies 
suggest a groundwater source for the solutions, which were 
heated to 150-200°C before boiling. Some geologists support 
their “hot spring model” for Carlin deposits by pointing to 
gold mineralization and similar chemical characteristics 
around some present-day geothermal areas, such as Steam- 
boat Springs, Nev., and the Broadlands, New Zealand. 


Hydrothermal gold associated with precambrian rocks. This 
second major type of hydrothermal gold deposit includes the 
districts of the Colorado Front Range Mineral Belt (Boulder 
County, Cripple Creek, Breckenridge, and Central City) as 
well as “a more enigmatic group” in older Precambrian 
terranes, where there is little relationship to Tertiary activity. 
Examples of the latter type occur in Yellowknife, NWT; 
Porcupine- Timmins and Kirkland Lake, Ontario; Rhodesia; 
Kalgoorlie, Western Australia; and Homestake, S.D. The 
origin of these deposits is uncertain, as are the sources for the 
gold, the sources for the fluids, and the age of the mineraliza- 
tion.am ; 
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OF GOLD PLACER DEPOSITS 
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INTRODUCTION 


Denver Equipment Company is very much aware of the increased interest in exploring gold placer 
deposits. Experience and practical business sense point out that the people who put their money into risk 
ventures need to have certain basic facts on which to base their decisions; facts which will reduce the risk 
and increase the chances of successful operations of the venture. 


The expenditure of a small amount of time and money in proper evaluation of a deposit can help predict 
economic success or failure before extensive financial commitments are made. In addition, proper evaluation 
frequently can indicate a successful venture where possibly a less thorough or unscientific appraisal would 
reject a deposit or indicate that development would be a waste of effort. The secret, of course, lies in secur- 


ing reliable data on which to base intelligent decisions. 


Due to the inactivity of gold mining in the U. S.A. during the past two or three decades and the limited 
production of gold throughout the rest of the world, experienced placer engineering skills become more 


difficult to secure. 


The editors of Deco Trefoil have persuaded Mr. 


H.W.C. Prommel, and Mr. Paul M. Hopkins, Registered 


Mining Geologists and Engineers, to set forth from their experience certain factual guidelines which 


contribute to the success of a placer mining venture. 


Questions concerning the evaluation of placer areas should be directed to Mr. Prommel at his office, 
731 South Downing St., Denver, Colorado 80209, phone area code 303-733-8445; or Mr. Hopkins, P. O. Box 
403, Golden, Colorado 80401, phone area code 303-279-2313. ? 


Discovery of Placer Deposits 


The experience, skill, and enthusiasm of the ones 
who discover a gold-bearing area are frequently dis- 
counted by those to whom they turn for financial aid 
in developing a commercial venture from their dis- 
covery. Principals with sufficient financial resources to 

k such a venture normally do not possess the exper- 
be or technical ability to exploit the discovery and 
must turn to impartial professionals for reliable verifi- 
cation of the discovery and an evaluation of the cost 


and potential profit from participating in the placer 
mining venture. Fortunately most financial people 
appreciate the importance and wisdom of reliable advice 
before investing large sums of money. 
Preliminary Reconnaissance 

An essential step in the evaluation of a potential 
property is a preliminary reconnaissance trip and visual 
examination of the area prior to a complete placer 
testing program. If the results of the reconnaissance are 


‘favorable a placer testing program can be formulated 


SKETCH MAP 





A typical sketch map prepared on preliminary reconnaissance 
of a placer area should clearly illustrate the location being 
studied. Numerical keys are referred to in the report pre- 
pared by the consulting engineer. 


and rather precise cost estimates can be prepared for 
conducting the work necessary to provide facts on 
which future decisions can be made. 


Objectives of the preliminary reconnaissance trip 


and visual examination should include: 
(1) Examination of the title to the property, includ- 


Mr. H. W. C. Prommel, center, is shown with a surveying 
crew supervising the mapping of a potential placer Jabsegald fs 
fa accurate map is essential to plotting the sample test hole 
ocations. 
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A churn drill placer sample hole being driven in Clear Creek, 
Jefferson County, Colorado. Supervision of drilling is very 
important to reliable results. 


ing the royalties and other lease terms applicable to 
the land. 


(2) Prove the presence of mineralization by visual 
examination, geological data, limited excavations, hand 
panning, and research into known placer developments 
in the immediate area. 


(3) Confirm the approximate depth of bedrock 
and benches. 


(4) Deliniate the most favorable areas for explora- 
tory work. 


(5) Determine the physical limitations as imposed 
by local conditions on the movement of equipment, 
supplies, and personnel during the period of subsequent 
explorations. 

(6) Predict from the known and visible factors if 
the property warrants detailed exploration. Upon find- 
ing favorable values in the gravel and an apparently 
attractive total cubic yardage available for economic 
operations the engineer can then and only then recom- 
mend a program to fully implement a complete placer 
testing program of the property as the second phase of 
the placer evaluation and examination. This second 
phase will determine the gross values in dollars and 
cents and establish the data upon which to base the 
economics of the project for the investing group. 


Developing a Placer Area Test Program 


A fully implemented placer testing program has the 
following objectives: 
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This adh 8 of a placer testing crew starting downhill after a Examining placer deposits in foreign countries present many 
blizzard. This operation took place many years ago in Park unusual requirements. For example the engineer must be 
County Colorado. able to work with the natives and supervise their work in 
order to achieve reliable results. Many i he + pack up 
ee. : to 100 pounds and are both capable and dependable work- 
(1) Churn drilling and/or other testing of the full men. Securing local labor in remote areas is often a problem 


section from surface to bedrock at numerous locations in placer investigations. 
to obtain measured samples. Sampling should not be re bel te od 
limited to one or two locations but should follow a 
predetermined pattern of sample hole locations. “Key- 
stone Drilling” is among these techniques and is des- Secret 
cribed later in this paper. Ley SPO rer! sree PMG eae plete 
(2) Calculate the value of gravel in place by z RE ene rat Ribose reo ee . 
determining the value contained per cubic yard of “pay 4 PER Be i A a ca lnend | emery MB PET 
dirt” from each drill hole or pit. 


(3) Determine the depth and contours of bedrock 
beneath the stream and also in the adjacent areas of 
the property. 

(4) Compilation of information gained from sample 
Hole yardage will indicate total yardage available and 

©) al gross values available. Other important consid- 7 REET ee 
rations and factors established during the test program procedure. Walls must be s Bike to preven eaGings All 
which constitute the engineering report and influence material removed must be measured, bagged, and identified 
final decisions on both domestic and foreign properties for future processing. 
are as follows: tJ 


(a) Distance from main highway and shipping points. 

(b) Political climate, taxes and attitude towards mining. 

(c) Legal status of claims. 

(d) Access to electric power, fuel, telephone, etc. 

(e) Elevations, climate and rainfall. 

(f) Working season. : 

(g) Availability of adequate process water or excesses. 

(h) Potability of water. 

(i) Type of commercial operation suitable. 

(j) Amount of royalty either required or possible. 

(k) Character of deposit, is land clearing necessary. 

(1) Topography, physiography and geology of area. 

(m) Depth from surface to permanent water table. 

(n) Gradation and character of gravels. 

(o) Presence of clays and cementing materials. 

(p) Character of values, visual and chemical analyses, 
including fineness of gold. 

(r) Anticipated problems in recovery. 

(s) Location of values in the deposit. 

(t) Extent of other placer operations in vicinity. 

(u) Danger of stream pollution and means of control. 

(v) Housing facilities, school conditions, and distance from 
property. 

(w) Cost and availability of local labor. 

(y) Documentary photos, maps, logs and reports. 

(z) Market for contained minerals other than gold. 


With the above facts available a projection of the 
net value of the deposit can be made. This includes 
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vating material to bedrock and processing the material 

3 mivin each pit using standard placer recovery methods that 

reliable projections can be made to determine economic 
success of a placer deposit. 


@ sample test pits are shown in this photo. It is only by 0p 
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Coordinate system 


Typical map of placer area prepared by consulting engineer 
experienced in evaluated placer deposits. The entire area is 
mapped and a grid is established that locates the necessary 
drill holes and pits. Experience and skill are required in 
developing a placer testing program. Many valuable placer 
areas have been overlooked or rejected by inadequate explor- 
ation. Also, inadequate exploration has often resulted in 
increased risk in placer operations. 


determination of equipment required to handle a desig- 
nated capacity operation sufficient to yield a profit 
based on available values. 


Mapping the Placer Area 

One of the objectives of the reconnaissance is to 
secure a reliable map of the placer area. Topography 
must be known and access to the area must be checked 
out. Often it is necessary to use mule-back transporta- 
tion or air transport to bring equipment to the property. 
Modern transportation has made available to the indus- 
try many areas which were previously considered inac- 
cessible or impractical. 

The map of the area is essential to establish the 
extent of the property and the deliniation of the total 
yardage available for processing. In order to fully 
understand the distribution of values throughout the 
property it is necessary to have a sampling program that 
will fairly represent the deposit. Experience and skill 
are required in laying out such a sampling program and 
this must be done at the property because interpretation 
of maps is not nearly as reliable as first hand examina- 
tion of the area. 


The Sampling Program 
Since placer. deposits are found in many different 
areas, they take many different forms, and present many 
different problems. There is no simple answer to all 





problems in all deposits. Each deposit is an individual 
entity and must be evaluated on the basis of its own 
personality. The scope of this paper is necessarily limited 
but an attempt has been made to encompass many 
different types of situations to aid those faced with 
problems similar to the ones presented in this discussion. 


Two types of placer ground can be generally des- 
cribed as “river gravels” and “bench gravels.” The river 
gravels are normally under the flood plain and involve 
hydraulics while the bench gravels are essentially dry and 
water must be available for normal economic processing. 


Sampling Bench Gravels 


The “bench gravels” are examined by test pits or 
other such methods as required to obtain a finite meas- 
ured cubage per foot of depth of gravel in place and 
thence recovering the gold by placer mining methods 
from the sample of known volume. Panning with a 
hand gold pan, sluicing or, more practically, the use of 
test machines of known reliability can be used to deter- 
mine these values. The depth of the gravel from the 
surface to the bedrock is determined at the several test 
locations. The area of gravels containing values of 
interest are deliniated on the map of the area, and 
by obtaining the value per cubic yard at the several 
test locations, the total yardage of the deposit is indi- 
cated to have certain finite values in gross recoverable 
placer gold. 


Sampling River Gravels 


In contrast, the “river gravels” can only be tested 
by the technique of mechanically driving a heavy pipe 
from surface to bedrock, removing the gravels from 
within the pipe as it is driven downward and thence 
recovering the contained gold in the gravels so removed 
from within the pipe. The technique is known as “Key- 
stone Placer Drilling.” The drills can be purchased 
outright or the services contracted for in certain areas. 
The program should be under the supervision of the 
examining engineer at all times. This is the most reliable 


method of determining values in a water saturated 
gravel as it has proven its reliability on all types of | 


placer resources throughout the world. 


A number of holes using the pipe are driven at 
right angles to the general flow direction of the stream. 
It is also usual to make not one but several lines of 
these holes on a property at distances of from 1000 to 
3000 feet apart, depending upon the assumed sub- 
structure of the deposit. There is no set rule as to the 
number of holes to drill. Ground showing an erratic 
distribution of gold naturally requires more holes than 
a property showing uniform values. The drive pipe is 
sized and by knowing the full depth to bedrock, one 
determines the gold values per cubic yard of gravel in 
place for the full depth of the deposit. The calculations 
are quite simple and have proven to be reliable. How- 
ever, One cannot overlook the factor of experience in 
both locating the holes and in driving the pipes for an 
inexperienced worker without adequate supervision can 
unknowingly provide misleading results. 
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maps and is used by the engineer in reaching conclusions not only as to the commercial success of the proposed venture but 
also the areas of primary and secondary interest. Only by very careful and deliberate testing can facts be secured on which 
to project reliable recommendations. 


Composition of the Sample 
The professional examination of a placer deposit 
involves much more than drilling holes. A placer exam- 
ination is accomplished by using proven placer recovery 
methods on the gravel from the holes drilled, pits dug, 
or otherwise sampled. The size distribution of material 
from coarse to fine, for example, the rock size, the 
pebble size, the sand size, and any clay is determined 
as part of this placer gold recovery testing program. 
The distribution of these various sizes is determined 
by measuring the several physical “parts of the gravels” 

after the process of separation and washing. 


Determining Sample Hole Locations 

The locations, spacing, and the sampling grid pat- 
tern which is established at the time of the preliminary 
reconnaissance is plotted on the map. In very large 
placer areas a sampling program may be developed in 
two or more stages, subsequent stages depending upon 
evaluation of the initial stage. It is only by an extensive 
sampling program that boundaries of the commercial 
operation can be established with any degree of intelli- 

‘nce or commercial significance. 
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A The Sample Hole 
_ The sample hole is located on the basis of the grid 
projected on the placer area map. Great care and skill 


€ Kay me Se 14d hts 


_. LITHOLOGY 








SS Aras 





=_ 
a CAT 


SECTION AB 


VALUES 
IN CENTS PER CU. YD. 


rae) 
rt) Ret 8 
- Gy = 5 3 \ 3 
22 ‘ested e : ln 
a be oe hao sisi Te bia shy 
es 7 Sally wwntidlenr girGe Rome 3 
" 3 o 


PROMMEL PTS, 1955 


SCALES 
Hoel: I=1a0' 
VERT: I**10° 
biw-¢. PROMMEL Or.€ve 
Otaaver, CoLo Dec 18 1195S . wane bes 


; 
E is a typical cross-section of drill holes made on a placer testing assignment. Information from the test pits is plotted on the 


must be used in excavating a sample hole. All material 
excavated is saved and measured by volume and placed 
in containers, tagged at the location to positively iden- 
tify the sample. The total sample from each hole or pit 
is considered as one batch. Systematic records of each 
hole should be kept in a log book. The total volume or 
batch is then processed in the field using a reliable 
placer testing machine to remove oversize material. 
disintegrate the clays, and recover the gold-bearing 
heavy sands. As in any mineral beneficiation project 
the efficiency of the machine used to process the sample 
material must not be overlooked. Since the data secured 
from these sample holes is in effect a very small sample 
any errors present will be magnified hundreds of times 
to predict the quality of the entire deposit. 


Recovering Gold From the Sample 

The concentrate recovered from the placer machine 
is further reduced in volume by hand panning by an 
experienced “panner” or engineer until the minimum 
of the material other than gold is present. Fire assays 
must never be used to determine the gold content as 
the results are completely unreliable and against all 
good placer practice. The gold is amalgamated with 
mercury and separated from the other heavy minerals 
in the pan. The amalgam is next treated with a dilute 
solution of nitric acid which dissolves the mercury, leav- 
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Portability of equipment is very essential in placer testing 
work. Workmen assemble a DENVER Gold Saver used in 
treating samples from test pits. Machine used to recover gold 
in placer testing must conform to ‘the recovery methods used 
in commercial operations. DENVER Gold Saver uses a unique, 
molded riffle for trapping the gold. Riffle is removable easy 
to clean and ideal for keeping accurate results from each batch. 


We ge mre yp oe 








Material from sample test pits has been bagged, identified, 
and delivered to the Gold Saver machine. At right. Sample 


receiving platform aids the process of feeding the Gold 
Saving machine. 





Oversize material from scrubber and trommel screen is 
wheeled to the dump. Fines that discharge from the shaking 
molded riffle pass through sluice box for black sand recove 
and determinations of black sand content per cubic yard: 
Black sands are examined for presence of other heavy 
minerals of possible commercia| value in addition to gold. 








ing the gold. The acid solution is carefully decanted 
and the gold washed to remove any remaining traces of 
the solution and its contained salts, thence the gold 
is annealed to a low red heat in a crucible. The gold 
is weighed upon cooling. 

This laboratory work is done at the property, either 
at a lab set up adjacent to the testing site or in the 
quarters of the engincer. The engincer is the only person 
who should handle the concentrate from the pannings 
or from the test machine and he should have in his 
custody at all times the concentrates resulting from the 
tests. The values secured from each batch are identified 
by test hole location and tagecd. The information is 
recorded in the log book and posted onthe map together 
with the figures showing total material removed from 
the test hole. 


Determining Values Other Than Gold 


When there are other heavy mincrals of possible 
economic interest present in the placer gravels, these 
will be found with the gold from the machine or in 
the sluice box which should be used on the placer 
machine tailings. The sluice box concentrates are treated 
in a similar manner to that of the gold concentrates 
from the placer machine. The heavy minerals from 
panning are dried and weighed and later analyzed to 
determine the economic values contained therein. In 
the case of heavy minerals being present, the concentrates 
are identified by sample locations for consolidations 
with the report. The presence of valuable heavy mincrals 
can augment the potential of the property and thus 
should not be overlooked in the examination. 


Supervising the Field Work 

The sample testing program is an exacting and 
deliberate procedure. The engineer may be able to make 
a continuing evaluation of the property as the work 
Progresses and there is frequent temptation to discon- 
tinue a sampling program once sufficient values have 
been determined. However, most placer deposits are 
spotty and decisions based on incomplete information 
have frequently been disastrous. Far more is to be 
gained by following the program to its completion than 
by impatience in putting the property into commercial 
operation before full facts are known. 

When the field work is completed the engineer will 
be able to make his recommendations based on the 
results of the total testing program. It must be empha- 
sized that the techniques of separating the gold from 
the gravels and the recovery of that gold from the 
holes or test pits must conform to the methods used 
on dredges or other gold placer recovery operations. 
Many theoretical and impractical devices can be em- 
Ployed to yield results which cannot be duplicated in 
commercial operation. Because of the high ratio of 
concentration required and the low yield per cubic yard 
most placer operations must be scaled to a sufficicnt 
capacity that will permit profitable operation. A process 
must be developed that will provide economic recovery. 
Frequently elaborate methods of saving hard-to-recover 
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values have led to financial collapse. Often the amounts 
vered are not worth the expense involved in such 
actical devices. There is no substitute for experience. 


Estimated Cost of Sample Test Program 
The wide variety of placer deposits makes any gen- 
eralization of predicting the costs involved both hazard- 
ous and misleading. The reconnaissance trip must be 
used as the basis to determine accurate budget estimates 
for each project. Principals will need estimates of equip- 
| ment, supplies, and personnel required to make the 
complete examination. However, an experienced en- 
| gineer can estimate with a high degree of reliability the 
costs for a complete sampling program once the recon- 
naissance trip has been made. Prior to going into major 
costs involved, the engineer is required by his profes- 
sional training to justify this expense. The reconnais- 
sance will further clarify any questions that the client 
has relative to the merits of the project and is definitely 
recommended as the preliminary step to a full testing 
program. : 
To aid in formulating initial budgets for a sampling 
program, one might consider the following illustrations. 
This material must be evaluated in terms of local 
conditions, seasonal difficulties, total distance of travel, 
and so forth. 


“Gentlemen: The reconnaissance trip is estimated 
i 7 days field time to accomplish the items 


| as the objectives. Three days are estimated as 
te_dired for travel, one and one-half days each way 
between the consultant’s office and the property. An 
additional four days will be required to evaluate the 
results and check any preliminary statements, verify 
field reports and to submit the recommendations for 
| further actions. 
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Authors Paul M. Hopkins, left, and H. W. C. Prommel super- 
vise Gold Saving operations. Each sample test pit is con- 
sidered as one batch. Hopkins washes gold from molded riffle. 


“The expense of this examination involving two 
weeks is estimated as follows: 


Engineer and one assistant, 14 days @ $150 


per. daye a 5. Fe 0 Sam een ge oe ae $2100.00 
Travel by field truck with supplies and 

equipment 1500 miles @ 10c permile ... 150.00 
Lodging, 9 days @ $15.00 per day.............. 135.00 


Meals, 10 days including the travel period 
COSI Dee tA ee ect ie 100.00 


Contingenciesnn<. soho. 4e3ext -sterse aS 125.00 


Total estimated cost of reconnaissance trip 
ANG fepOrl Aes see ears oe . ..§2610.00” 


What the Report Includes 


As in any professional situation the facts revealed 
by the investigation are only a means to a conclusion. 
It is the experience required to interpret the facts that 
frequently makes the difference between success and 


Paul M. Hopkins pans material washed from molded riffle. 
Examination of the concentrate recovered by the Gold Saver 
reveals both size, and character of the gold prior to amalga- 
mation. 
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This is the largest bucket dredge ever to operate in Colorado. 
This is the South Park Dredging Company which operated 
near Fairplay, Colorado, with a capacity of about 15,000 
cubic yards per day. 








The Timberline cena Compan s devas dredge Reed 
on Beaver Creek in Park County, Colorado in 1942. Floating 
dredges present both problems and advantages that must be 
evaluated for each deposit. 





This dry land placer machine 2 Sathtea in California in 1963. 
Placer ground was fed to the track-mounted placer recovery 
unit by conveyor which received the gravel from a drag-line. 
This unit included a scrubbing trommel, a DENVER Mineral 
Jig and a DENVER Table as the gold recovery devices. 
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California. Placer reports should include equipment necessary 


for commercial operation. 


failure. A competent engineering report from a pre- 
liminary placer investigation will include such items as 
reports on title or royalties involved in operating the 
claims, information on geology of the area, reports on 
depth of overburden and depth of gravel beds, item- 
izations of local conditions which will affect favorably 
or adversely the operation, a detailed outline of the 
sampling steps recommended, a map showing the area 
examined, and detailed cost estimates of the further 
work recommended prior to commitment of major 
expenses. 


Verification of Historical Data 


One of the frequently important and often mislcad- 
ing elements of any placer report is that of the local 
history surrounding a deposit. Because an area was once 
worked is no more an assurance that values have been 
exhausted than it is that future operation will be profit- 
able. Listening, snooping, asking, sifting, researching, 
questioning, and observing must be done with an exper- 
ienced skill so that verification of fact as well as recog- 
nition of fiction can be used intelligently in the evalua- 
tion. Hearsay reports of profits of previous operations 
must be checked out for reliability. Accuracy of previ- 
ous engineering reports must be questioned and if 
possible the equations and logs must be reworked to 
discover possible typographical errors before the pre- 
vious reports can be accepted. As much as one may 
wish to accept unverified data, careful review and 
examination by competent professionals is worthwhile. 


Other Factors Influencing Success or Failure 

A review of the major failures of many placer ven- 
tures reveals a failure on the part of principals to take 
advantage of sound engineering experience preliminary 
to the obligation of major investments. At $35.00 per 
ounce mandatory sales price in the U.S.A., each gold 
mining operation is of necessity a marginal operation. 
There are strong indications, particularly in areas out- 
side the United States that relief either in the form of 
a higher price for gold or incentives such as subsidies, 
bonuses, and tax benefits are a future probability rather 
than simple speculations. As gold bearing placer depos- 
its are exploited the difference between success and 
failure depend on the use of reliable enginering infor- 
mation to establish the soundness of an operation both 
as to size of the operation, capital required, and the 
extent of possible rewards. 
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be made up of nearly massive aggregates of uraninite. There is 
commonly a higher content of uraninite in pyrite-rich parts of 

1¢ beds. Thucholite was not seen in the matrix of the 
conglomerate or quartzite by the writer; it occurs, however, as 
warty aggregates along faults and fractures in places and as 
thin columnar seams with uraninite and pyrrhotite along 
bedding planes. Ruzicka and Steacy (1976) describe some of 
the latter occurrences in detail. 

Gold and silver occur in the Blind River-Elliot Lake ores 
only in small amounts, the average gold content for most 
samples being 0.09 ppm (0.003 oz Au/ton). Locally, high 
assays can be obtained particularly where sulphides such as 
galena, sphalerite, cobaltite, etc. occur. Most of the gold and 
silver are in the pyrite and sulphide concentrates as indicated 
by assays of these materials in our laboratories. The average 
for the pyrite and mixed sulphide concentrates is about 0.64 
ppm (0.019 oz Au/ton). No native gold was seen in these 
concentrates by the writer, but the metal has been reported as 
occurring sporadically in some of the ores. . 

The oreshoots in the Blind River—Elliot Lake mines are 
usually gently dipping tabular bodies composed of lenses and 
interfingering beds of pyritic quartz-pebble conglomerates and 
quartzites as shown in Figure 66. In most of the stopes the 
Pyritic mineralization of both the conglomerates and quart- 
zites commonly shows a wispy to banded appearance, and 
there is undoubted evidence of replacement of crossbedded 
features by pyrite and uraninite. One can also see seams of 
pyrite along bedding planes, veinlets of pyrite in the quartz 
pebbles in places and little trains or veinlets of uraninite 
(pitchblende) in the matrix of the conglomerates. All conglom- 

rates and quartzites rich in uranium are generally always 
relatively rich in pyrite, but the converse is not necessarily 
true. Sericite-rich areas seem to be indicative of high uranium 
contents in most samples. Finally, in some areas quartz 
veining is evident. These and isolated fractures contain pyrite, 
chalcopyrite, pyrrhotite, galena, sphalerite and occasionally 
cobaltite. They are not radioactive. 

On the question of origin the two general theories — 
hydrothermal and modified placer — common to these types of 
deposits prevail. The early workers (Joubin and James, 1957: 
Holmes, 1957) supported the modified placer theory and later 
workers have tended to agree (Roscoe and Steacy, 1958; 
Robertson and Steenland, 1960; Bain, 1960; Pienaar, 1963; 
Robertson, 1974). Davidson (1957, 1964-1965), however, 
maintains that the uraniferous ores are hydrothermal or due to 
downward leaching by saline waters as explained in the 
section on the Rand. 


Other Precambrian occurrences of uraniferous and auriferous 
quariz-pebble conglomerates in Canada 
Quartz-pebble conglomerates are developed in a number of 
other districts in the Canadian Shield; many contain uranium 
and thorium with minor amounts of gold, others are consider- 
ably enriched in gold as well as in uranium and thorium. East 
of the Blind River—Elliot Lake district, some 35 mi west of 
Sudbury, the basal Huronian rocks yield uranium from the 
Agnew Lake Mine. The pyritic oligomictic conglomerates 
compnising the ore horizons are steeply dipping and extend to 
spths of 3000 ft or more. The principal ore mineral is 
uranothonte, and the Th/U ratio in the ores is about 3:1 


GOLD DEPOSITS 


compared to 1:2 for the Elliot Lake deposits. Gold is found 
only in traces. Somewhat similar pyritic conglomerates and 
quartzites occur elsewhere along the base of the Huronian 
Supergroup west and east of Sudbury, one particular occur- 
rence of note being present at the southwest corner of Lake 
Wanapitei. This conglomerate contains essentially monazite 
and leucoxene as the radioactive minerals; gold occurs only in 
traces. 

Uraniferous occurrences in the Montgomery Lake—Padlei 
area of Northwest Territories are in Aphebian pyritic oligo- 
mictic conglomerates in the Montgomery Lake Group, which 
underlies the predominantly clastic Hurwitz Group and rests 
on rocks of Archean age. The occurrences contain abundant 
pyrite with uranothorite, zircon, leucoxene and notable 
amounts of gold (up to 0.1 oz Au/ton). 

Occurrences of highly deformed pyritic uraniferous con- 
glomerate, probably of Aphebian age, and belonging to the 
Sakami Formation, lie on Archean greenstones and grey- 
wackes on the west side of Sakami Lake in northern Quebec. 
Locally they carry in excess of 10 per cent pyrite and contain 
disseminated uraninite (with 10% ThO,) and a thorium 
silicate, either thorite or allanite (Robertson, 1974). Gold 
occurs only in traces as far as is now known. Other basal 
quartz-pebble conglomerate lenses occur in quartzites and 
arkoses in the Papaskwasati Basin north of Lake Mistassini in 
Quebec. These belong to the Papaskwasati Formation of the 
Mistassini Group of Aphebian age, contain minor pyrite, are 
radioactive and have received some attention. Their gold 
content as far as is now known is low. 


The large nuggets found in the drift are 
simply the reliquiae of the chief masses of 
gold which once occupied the uppermost 
parts of the reefs, and that like the blocks of 
many an ancient conglomerate, they have 
been swept from the hilltops into adjacent 
valleys by former great rushes of water. 

— Murchison, Siluria, Sth ed., 1872 


Placer deposits 


Placer deposits provided early man with the first samples of 
gold and since that time have accounted for a large produc- 
tion of the metal. If we include the Witwatersrand and other 
quartz-pebble conglomerates as fossil placers or modified 
fossil placers, then the placer type of deposit has provided 
more than two-thirds of man’s store of gold. 

Before proceeding further certain terms with respect to 
placers should be defined. 

The term ‘placer’ is evidently of Spanish derivation and 
was used by the early Spanish miners in both North and 
South America as a name for gold deposits found in the sands 
and gravels of streams. Originally, it seems to have meant 
‘sand bank’ or ‘a place in a stream where gold was deposited’. 
While many other terms have been coined for deposits in 
weathered residuum and alluvium none is quite as succinct 
and expressive as ‘placer’. 

The terminology of the zone or stratum containing an 
economic concentration of gold in eluvial and alluvial placers 
is varied. We shall use the miner’s term ‘pay streak’, which is 
commonly used in Canada and the United States. Other 
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English terms in use include ‘pay gravel’, ‘pay sand’, ‘pay dirt’, 
‘pay wash’, ‘pay channel’. ‘pay lead’, ‘run of gold’, ‘gutter’ and 
@) ‘vash dirt’. There are a host of Spanish terms used mainly in 
wlexico and South America, and there are also miner's terms 
for the rich gold zones in practically all languages where 
eluvial and alluvial placers are worked. Rickard. many years 
ago, advocated the use of “gold-beanng channel” for all these 
terms. but it has not been generally accepted. 

The tenor of pay streaks or of placer gold gravels and 
sands. in general, is referred to by the value (in ounces, 
pennyweights. or in any unit of currency) per cubic yard, per 
running foot of channel or per square foot of surface; also 
occasionally in bonanzas by dollars or some other unit of 
currency per pan. It is of interest to note that placer deposits 
can be worked whose gold content is as low as 0.1 ppm. 

The pay streaks of placer deposits may rest on or near 
bedrock or on some stratum above bedrock. The bedrock in 
placer deposits is commonly referred to as the ‘true bottom’, 
although the term is little used today. When the streaks rest 
on a well-defined stratum of sand, gravel, shingle or clay 
above the bedrock they are said to be on a ‘false bottom’. 

Placers have been variously categorized, but here we shall 
use a simple nomenclature based upon whether the placers are 
formed by concentration of gold in situ over or in the 
immediate vicinity of primary deposits, namely ‘residual’ or 
‘eluvial placers’, or by agencies that have concentrated the 
gold in the near vicinity or at some distance from the primary 
source. In the latter category we recognize ‘alluvial’, ‘beach’ 
and ‘aeolian placers’. The terms ‘saprolite’ or ‘saprolitic 

placer’ were formerly used for certain types of eluvial placers, 
nainly in the eastern United States. 

Eluvial, alluvial, beach and aeolian placers may become 
buried after their formation and are sometimes referred to as 
‘buried placers’. These placers may be buried under (1) 
volcanic deposits as in California and Australia; (2) glacial 
deposits as in Canada and U.S.S.R; (3) talus and other slope 
deposits; (4) aeolian deposits as in Australia; (5) alluvial sands 
and gravels; and (6) marine and lacustrine deposits. 

There are fossil (lithified) equivalents of eluvial, alluvial, 
aeolian and beach placers. These are described subsequently. 

The gold in auriferous placers may come from one or 
more of the following sources: 

1. Auriferous quartz veins and other types of gold-bearing 
deposits mentioned in the section on epigenetic deposits. 

2. Auriferous sulphide impregnation zones, porphyry 
copper deposits, etc. 

3. Auriferous polymetallic deposits. 

4. Slightly auriferous quartz stringers, blows and veins in 
schists, gneisses and various other rocks. 

5. Various slightly auriferous minerals such as pyrite and 
other sulphides in graphitic schists and other rocks. 

6. Slightly auriferous conglomerates, quartzites and other 
rocks. 

7. Old placers. 

It should be noted that the geological history of produc- 
tive placers is frequently complex, much more so than the 
sequence: primary vein or lode source — eluvial placer — 
_ alluvial placer. Often an intermediate collector of gold is 

 <nvolved, mainly auriferous conglomerates, quartzites, etc. 
Fayzullin (1968) émphasizes this point in his papers. He 
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recognizes a number of variants in the lode-placer sequence as 
follows: (a) lode — deluvial placer — interceptor — alluvial 
placer, (b) lode — interceptor — alluvial placer, and (c) 
interceptor — alluvial placer. 

The primary agency that produces gold placers is weath- 
ering; a process that involves numerous complex chemical 
reactions that are explained in detail in Chapter IV. Three 
things may happen to gold in primary deposits: (1) the gangue 
minerals may be disintegrated and leached away, leaving the 
gold relatively untouched; the gold may remain in situ in the 
oxidized zones or pass into eluvial and alluvial placers; (2) the 
gold may be dissolved and carried far away from the deposits 
in which case no placers are formed; or (3) the dissolved gold 
may be wholly or partly reprecipitated on nuclei of gold in the 
residuum or on similar nuclei as they are moved along in the 
alluvium of streams, rivers, beaches, etc. The last process is 
largely responsible for nuggets. The formation of placers is, 
therefore, a combination of both mechanical and chemical 
processes working in consort over long periods of time. We 
shall return to this theme later in the present section. 

The mechanical agencies that assist in the transport and 
winnowing of gold into placers are gravity, the running water 
of streams and rivers, the agitation of waves along the shores 
of lakes, seas and oceans, the wind, and glaciers. Gravity is a 
force that operates in the formation of all types of placers; it 
is the principal agent that concentrates gold in eluvial placers. 
The other agents give rise respectively to the following types 
of placers: stream and river (alluvial) placers, deltaic placers, 
beach placers and aeolian placers. There are few authenticated 
aeolian gold placers of any size, and we shall not consider 
them further except to note that near the outcrops of some of 
the primary deposits in Australia the wind had blown away 
the finer detritus exposing coarser material in which gold was 
enriched in places (Hoover, 1899, Rickard, 1899). Auriferous 
sand dunes have been recorded by Spurr (1906) in the Silver 
Peak quadrangle, Nevada. These apparently contain only 
traces of gold and silver. Placers due entirely to glaciation are, 
likewise, uncommon, and none of economic value are known 
to this writer in moraines, kames or eskers. Certain outwash 
plains, where worked by glacial and postglacial streams may, 
however, contain low grade placers in some glacial terrains. 
Winnowing of gold by present-day streams and rivers from 
glacial sands and till and working of these materials along 
certain lakes has also led to minor concentrations of gold in 
many places in Canada and other glaciated countries. All of 
these types of glacial deposits are mentioned briefly in the 
alluvial category. 

The minerals concentrated in placers include two types — 
those with low to medium specific gravity (the light minerals) 
and those with a medium to high specific gravity (the heavy 
minerals). All of these minerals have three features in common 
— great physical resistance to mechanical abrasion and com- 
minution, great chemical resistance to solution in surficial 
waters and a general equidimensional character in their form. 
The last is of importance since flaky minerals such as molybde- 
nite, scaly gold and specularite are difficult to concentrate in 
spite of their high specific gravity. Another factor is the degree 
to which a mineral can exist in a subdivided form and yet 
remain relatively chemically stable. This is a factor with 
respect to gold since the metal can exist in almost infinitely 


subdivided form giving the so-called ‘flour’, ‘float’, “flood” or 
‘skim’ gold. Such gold does not sink readily in sand and gravel 
and hence is not concentrated to any extent in placers; on the 
contrary it may be transported hundreds of miles in running 
water to be deposited over broad deltas or on the floors of 
lakes and oceans where it is commonly disseminated through- 
out great thicknesses of sediment. This particular feature is of 
importance in discussing the origin of the very finely divided 
gold of deposits such as the Witwatersrand. (See the final 
section of this chapter on the origin of deposits.) Commonly 
much flour gold accumulates temporarily in streams and rivers 
on bars on the inside of curves or meanders or in other areas 
of slack water (‘skim bars’). Unless these are recognized they 
may give an inflated impression of the potential of a placer 
stream or river. Skim bars are also misleading during geo- 
chemical prospecting within a restricted area since they give 
false anomalies. This aspect is discussed further in Chapter V. 

‘Moss gold’ is flour gold trapped by mosses and other 
plants along river and stream beds during high water. ‘Moss 
miners’ have collected this gold for centuries along the 
auriferous rivers throughout the world. It is easily recovered 
by burning the moss. 

With skim and moss gold a new ‘crop’ appears each year 
after high water in auriferous water courses. This is partly the 
reason for the adage that ‘gold grows in placers’. It is, 
however, probably not the whole story as will be seen from a 
later discussion. 

_ The most common minerals with low to medium specific 
gravity in placers are quartz (S.G.=2.65), muscovite, am- 
phibole, pyroxenes, tourmaline, garnet, diamond, chromite, 
rutile, barite, corundum, wad, limonite and zircon (S.G. =4.5); 
those with medium to high specific gravities in placers include 
monazite (S.G.=5), magnetite, ilmenite, cassiterite, wolfra- 
mite, scheelite, cinnabar, gold and platinum (S.G.=22 when 
pure). A great variety of sulphides and sulphosalts may 
accompany gold in placers. This writer has seen pyrite (often 
abundant), galena, sphalerite, arsenopyrite, boulangerite and 
jamesonite in placers in Yukon Territory and elsewhere. 
Native bismuth is present in some placers; native mercury in 
others; and more rarely native arsenic, native silver, arquerite 
(Ag-Hg amalgam), native copper, native lead (not shot), native 
zinc, cinnabar, realgar, sperrylite, molybdenite, chalcopyrite, 
hematite, carbonates, feldspars, kyanite, topaz, spinel, allanite, 
epidote, sphene, tantalite-columbite and apatite. Some gold 
placers contain diamonds and other gems such as rubies, 
sapphires, emeralds, topaz, garnets, etc. Commonly the gems 
are secondary in value to gold, and in some placers they are so 
sporadic as to be a curiosity. Certain placer sands and gravels 
are cemented or coated by limonite, wad or mixtures of these 
mineral aggregates. These aggregates commonly contain much 
silica, alumina, titania and other hydrolysate oxides and 
frequently large amounts of humic material. Placer gravels or 
sands strongly cemented by limonite and other iron oxides are 
often referred to as ‘cement gravels’ in English speaking 
countries or ‘cangalli’ in South American countnes. A few 
placer sands and gravels have been cemented by carbonates. 
silica or clay, and most placers in the permafrost of Canada, 
Alaska and U.S.S.R. are frozen solid, requiring a complicated 
procedure to thaw them out in places. 

The gold of placers has varied characteristics. The most 
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common habit is as dust that comprises particles ranging from 
specks the size of the tip of a needle or less to those the size of 
a flaxseed (in quantitative terms, <0.1-2 mm). Also common 
are small scales and spangles; less common are nuggets, 
crystals, wires, leaves, tufts and hairs and arborescent, reticu- 
lated, dendritic, filiform, mossy and spongy forms. Extremely 
finely divided gold (flour, float or skim gold), the bane of the 
placer miner and geochemist, is common in some placer 
districts. Some of the largest natural specimens of the metal 
have come from placers, frequently of the eluvial. type. From 
these have come some of the largest nuggets of gold won by 
man. The ‘Welcome Stranger’ found by accident in a cart rut 
in the eluvium near Ballarat, Victoria, Australia weighed 2516 
oz troy and the ‘Blanch Barkley’ also from Victoria weighed 
1743 oz. The Carson Hill nugget found in California topped 
the scales at 1296 oz. More generally the gold of placers 
occurs in small flattened scales or grains averaging a few 
millimetres in diameter-or as moderately finely divided 
particles known as dust averaging a few tenths of a millimetre 
in diameter. The fineness of placer gold varies greatly and has 
been studied by many investigators. A survey of the literature 
indicates that for most placer deposits the fineness ranges 
from 500 to 999, that is from electrum to nearly pure metal; 
most placer gold is above 850 fine. The other elements in 
placer gold are mainly silver, copper and iron (see aiso 
Chapter II). Vein gold generally has a fineness that ranges 
from about 500 to 900. There are innumerable references in 
the literature that refer to the fact that in any particular 
district the fineness of the placer gold will usually be higher 
than that in the veins from which the metal presumably came. 
Lindgren (1933) for instance states that in California the vein 
gold averages 850 fine whereas the transported placer gold in 
the Tertiary channels averages 930 to 950. Similarly, the placer 
gold of Manhattan, Nevada is finer than the lode gold 
(Ferguson, 1917). In the Carolinas and Georgia the placers 
and eluvial deposits commonly have gold with a fineness 
greater than 900 whereas the vein gold is generally much less 
than this value, in places being as low as 500. Distance 
travelled and size of the placer gold also seem to be factors in 
the fineness, the further from the source and the smaller the 
size of the particles the higher the fineness. These features are 
difficult to assess in the writer’s experience, but they are 
evidently true according to a number of placer miners who 
were consulted on the matter. Certainly, flour gold generally 
has a high fineness. Hill (1915) and Hite (1933a,5) gave an 
average of about 950 as the fineness of the Snake River flour 
gold. There is much evidence to suggest that most of the gold 
in gossans and oxidized zones is of greater fineness than that 
in the primary ores. Fisher (1945), who made a worldwide 
study of the fineness of gold in various environments, con- 
cluded that gold in the oxidized zone is nearly always higher 
in grade than the primary gold, and this difference vanes 
largely according to chemical conditions and the facilities that 
exist for removal of the silver in solution, the gold being 
redeposited close by, or merely left enriched by the removal of 
the silver. Under conditions suitable for taking gold into 
solution the gold redeposited, if the concentration of silver 
remains high, will not necessarily be of high fineness. He went 
on to state that very high gold fineness is usually the result 
of oxidation under conditions favourable for the complete 
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removal of silver, e.g., Mt. Morgan. Queensland, and that high 
fineness is often associated with the oxidation of telluride 

res, e.g., Fiji and Cnpple Creek, Colorado. Finally, he noted 
that alluvial gold, being derived from the oxidized ore, is of 
higher quality (fineness) than the average of the vein gold, and 
shows an increase in value downstream, due to surface 
refining action, as the size of the grains decreases. 

In Yukon Ternitory and at Yellowknife, Northwest Ter- 
ntones some of the supergene gold examined by the wmiter is 
of great fineness (990), whereas the primary gold is in the 
range 900 to 950. Another feature of placer gold, first 
examined by McConnell (1907) in the Klondike, is that the 
outer parts of nuggets commonly have a higher fineness 
compared with the inner parts. The writer has examined some 
of McConnell’s samples and others from a number of placers 
by electron probe, and found that the rim of greater fineness 
is rarely more than 0.03 mm (30 y). A rim of relatively pure 
gold on nuggets seems to be rather general since Johnston and 
Uglow (1926) found the effect on the gold of the Cariboo of 
British Columbia; Fisher (1935) in the Morobe goldfield, New 
Guinea; and Petrovskaya and Fastalovich (1955) in much of 
the placer gold of U.S.S.R. Ramdohr (1965) also noted the 
phenomenon in Rheingold; Mustart (1965) in much of the 
placer gold of Yukon; and Desborough er al (1970) in placer 
gold from various parts of the United States. Stumpf] and 
Clark (1965), however, rightly point out that the rind of purer 
golc on nuggets, flakes and dust is not always present. They 
no:~.- its absence in gold-platinoid concentrates from placers 
in utheast Borneo. The rim effect has generally been 

inic:preted as the result of solution of silver, but the writer is 
@: the opinion that it represents the precipitation of gold (and 
some silver) on gold nuclei. An argument in favour of the 
latter process is given in a later section on the origin of 
placers. 

It should be noted that the rim effect in placer gold 
evidently begins during oxidation of the primary deposits, 
because it is found in gold in the oxidized zones of auriferous 
deposits and in eluvial deposits. Gold with enriched rims has 
been observed by a number of investigators in near-surface 
shallow deposits (mainly Tertiary) in a number of places, and 
the phenomenon is noticeable in some kuroké ores in Japan. 
Enriched rims are rare in deep-seated gold deposits in the 
writer’s experience. In the oxidized ores and placer deposits 
the mms are generally much wider and better developed than 
in the primary deposits. 

Placer gold commonly contains many inclusions usually 
small in size (0.005—0.50mm). The inclusions as seen in 
polished sections and under the microprobe include various 
sulphides, particularly pyrite, galena and chalcopyrite; also 
arsenopymite, various sulphosalts, tellurides and quartz, ser- 
cite, rutile, etc., most of the minerals normally found in gold 
deposits. Many of these minerals are probably original con- 
sutuents of the gold nuggets since they are commonly near the 
core of the gold particles. Some often appear as though they 
were the nuclei about which gold precipitated in the oxidized 
zones of the deposits. These inclusions should receive detailed 
study during geochemical prospecting surveys since one might 
®: able to divine the exact source of the gold, especially if 

jatenial from a few primary sources in the district under 
investigation 1s available for control purposes. 
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Other internal features of placer gold have been exten- 
sively studied. In the classic paper by Fisher (1935) the high 
grade mms referred to above and the general granular struc- 
ture of the nuggets and flakes are mentioned. Petrovskaya and 
Fastalovich (1955), who have carried out a long term study of 
the placer gold of U.S.S.R., also note the nearly universal 
occurrence of high grade nms and reentrants on gold nuggets 
and flakes and found that these have a fine-grained polyhedral 
texture rather than a laminated one as thought by the earlier 
investigators. They also noted that much of the placer gold 
retains the internal granular structure and other microscopic 
features of the primary deposits of gold, but found that much 
placer gold, especially that held in placers for long periods of 
tume, exhibits marked internal deformation and recrystalliza- 
tion textures. They also observed the presence of intergranular 
Stringers of gold in nuggets and flakes. These were found in 
the placer gold and in the gold from oxidized zones of 
auriferous deposits but not in the gold from the primary ores. 

The external form, colour, lustre and other features of 
placer gold visible to the naked eye are commonly character- 
istic. The miners and bankers in a placer district can generally 


tell from which creek the gold originated simply by visual 


inspection. It is said that one banker in Dawson in its heyday 
could tell precisely from which of the many creeks and gulches 
of the Klondike a specimen of gold originated, and I am 
inclined to believe the story having seen gold from all of the 
creeks either in the old gold room of Yukon Consolidated, 
Ltd. or in the National Mineral Collection of Canada. 

Placer gold usually has an entirely different appearance 
from that found in veins and other deposits. The high lustre of 
the vein gold is replaced by a subdued lustre in the placer, due 
it appears to incipient crystallization on the surface. Some 
varieties of gold are coloured due to a number of reasons. 
Black and deep brown gold are commonly due to the presence 
of coatings of manganese and iron oxides or manganese and 
iron humates. Alternatively some black and brownish gold is 
due to a coating of very finely divided colloidal or microcrys- 
talline gold. Whitish and dull greyish varieties of gold owe 
their colour generally to thin coatings of calcium carbonate, 
colloidal silica or fine-grained (colloidal) clay. In most placers 
the gold has the characteristic golden colour, but in others 
foreign coatings are quite common. ‘Black gold’ (ouro preto) is 
very characteristic of a number of placer districts in Brazil and 
other tropical areas. 

The writer has either seen, heard about or read about 
practically every form of gold in placers and the closely 
associated oxidized zones of gold deposits. The most common 
forms are scales, plates and nuggets. In addition some placers 
contain crystals of gold, hopper-shaped crystallized particles, 
masses having filiform, reticulated and dendritic shapes and 
films, wire and mossy gold. The growth forms of large nuggets 
are commonly fairly regular, many looking like nuts or 
potatoes; other nuggets are highly irregular and gnarled in 
shape. Some partly enclose vein quartz fragments or rounded 
quartz and other types of pebbles and mineral fragments. 
Some nuggets have unusual growth proturberances that may 
appear as distorted crystals. A few nuggets have been found 
that have secondary crystalline outlines. 

Various terms are used in the following descriptions to 
give a semi-quantitative estimation of the size of the gold 


particles in placers. A ‘colour’ has no exact meaning; it is used 
by placer miners to refer to a small piece of gold that usually 
vanes from /16 in. (1.5mm) upward. Estimation of the value 
of gold colours in a pan and hence of the value of placer 
grounds can only be gained by experience since the value 
varies with the size of the colours, their thickness, and their 
purity. A good estimate can be made by picking out the 
colours from a number of pans, weighting them on a small 
pocket microbalance, and calculating the value per yard. 
There are about 50 pans (18 in. diameter) per yard. Coarse 
gold (nuggets) is usually considered to be that which remains 
on a 10-mesh screen (>1.5mm); medium gold will pass a 
10-mesh screen and be held on a 20-mesh screen; fine gold 
passes a 20-mesh screen and is held on a 40-mesh screen 
(value 1 colour per cent); and very fine gold passes a 40-mesh 
screen. Flour gold is very much finer than the last; in some 
places 500 to 1000 colours or more are required to equal the 
value of a cent! 

In general it can be said that the farther that gold has 
travelled from its source the smaller in size the particles 
become. Near the source the gold particles are usually rough 
and relatively large; with distance the particles become 
smooth, much rounded and smaller. The particles also appar- 
ently lose mass with distance from the source. Antweiler and 
Lindsey ( U.S. Geol Surv. Circ. 622, 19695, p. 6) noted that 
particles of the Snake River gold, near its source below the 
outcrops of auriferous conglomerates in Jackson Hole, with 
diameters approximating 0.125 mm, averaged 10yg in weight, 
whereas near Twin Falls, Idaho, some 180 mi downstream, 
particles of the same diameter weighed only half as much. The 
cause of the mass loss was not discussed. 

To summarize this introduction we can say that for the 
development of placers of any type, four requisites are 
necessary: 

1. The occurrence of gold in deposits, in widespread 
quartz veins and blows or in a disseminated form in pyritic 
shales or other country rocks. 

2 A fairly long period of deep secular chemical and 
mechanical weathering on a surface of submature to mature 
topography, during which time the gold is set free from the 
deposits or country rocks. 

3. Concentration of the gold by some agency, generally 
water. 

4. Absence of extensive glaciation: glaciation does not 
entirely preclude the occurrence of placers since both eluvial 
and alluvial types of placers may be overriden and little 
disturbed by the glaciers in some cases and buried by their 
deposits of till, clay, etc. in others. Such placers occur in 
British Columbia, Alaska, Yukon, Quebec and the Lena 
district of U.S.S.R. 

Country kindly to the occurrence of extensive placers is 
readily recognized. The topography is subdued and marked by 
broad, often terraced entrenched valleys and rounded deeply 
weathered hills commonly with nearly accordant summit 
levels. Few extensive placers are found in terrains marked by 
sharp alpine features and high gradient V-shaped valleys; 
similarly, excessively flat terrains far from mountain systems 
and their foothills yield few productive placers. Like all 
generalities in geomorphology and geology there are some 
exceptions to these observations. 


GOLD DEPOSITS 


The literature on placers is voluminous. Works contain- 
ing discussions of general principles include those by Livers- 
idge (1893c), Weatherbe (1907), Crane (1908), Tyrrell (1912), 
Longridge (1913), MacKay (1921), Raeburn and Milner 
(1927), Park (1927), Idriess (1933), Boericke (1933), Lindgren 
(1933), Gardner and Johnson (1934-1935), Fisher (1935), 
Crampton (1937), Bilibin (1938), Mertie (1940), Averill (1946), 
Grutterink (1950), Bateman (1950), Shilo (1956, 1960), Gor- 
bunov (1959), Griffith (1960), Harrison (1962), Vasyunina 
(1963), Barkovskaya (1963), Trofimov (1964), Fayzullin 
(1968), Ivenson er al (1969), Shilo and Shumilov (1970, 1976), 
Valpeter and Davidenko (1970), Romanowitz ef al. (1970), 
Volarovich and Shokhor (1970), Kartashov (1971), West 
(1971), Kazakevich (1972, 1976), Sigov er al (1972), Wells 
(1973), Denisov (1973), Tayurskii (1973), Kogen et al. (1974), 
Kushnarev and Kashcheev (1974), Tishchenko and Tishchen- 
ko (1974), Segerstrom and Ryberg (1974), McLellan er al 
(1974), Saks (1974, 1975), Vorob’yev and Krapivner (1975), 
Clift (1975), Prokuronov (1975), Smirnov (1976), Kisterov 
(1976), Fricker (1976) and Zhelnin and Travin (1976). 

The references by Gardner and Johnson (1934-1935), 
Romanowitz et al (1970), West (1971), Wells (1973) and 
Fricker (1976) contain up-to-date summaries of the proce- 
dures for the prospecting, sampling, evaluation and working 
of placers. It need hardly be emphasized here that the 
processes involved in the concentration of gold in placers are 
extremely complex, and the conditions that control them so 
variable that even under the most favourable circumstances 
observable, it is generally not possible to estimate the poten- 
tial of a placer even roughly without detailed sampling, either 
by pitting, test holes, or deep cuts or trenches. 

The distribution of the principal eluvial and alluvial 
auriferous placer districts of the world is shown in Figure 67. 
Many of the districts have long been exhausted, some before 
the beginning of the Christian Era. 

Papers and other works describing placer areas in various 
parts of the world and methods whereby they are worked are 
included in the Selected bibliography. 


Elwial placers 
Eluvial placers*’ are formed in the weathered residuum over or 
in the immediate vicinity of primary gold deposits of all types. 
Commonly these placers develop downhill from the outcrop of 
the primary deposits (Fig. 68). Some are of the nature of talus 
deposits or fanglomerate facies on mountain slopes or in the 
debris at the foots of hills and mountains. An unusual type is 
formed in the depressions of deeply and irregularly weathered 
terrane (karst topography). Eluvial placers are closely as- 
sociated with alluvial placers in many districts, the former 
giving birth to the latter in many places. 

The principal mechanism for the concentration of heavy 
minerals in eluvial placers is the winnowing action of gravity 
and downhill creep, the latter being essentially dependent on 


"Some geologists, particularly in U.S.S.R., classify these placers as 
eluvial, deluvial and proluvial. By this classification “eluvial placers are 
those whose outlines coincide more or less with those of the pnmary 
deposits. Deluvial (scree or talus) placers are those whose upper limit 
is at or near the serene source and whose downhill front bes at the 
foot of a slope. Proluvial placers form in the disintegrated debnis at 
the foot of hills or mountains. 
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Figure 68. Sketch illustrating outcrop of a gold-quartz vein supplying material to form eluvial 
and alluvial placers. By one terminology. an eluvia! placer embraces all materials not trans- 
ported by streams. By another, only the placer materials over weathered and disintegrated 


deposits constitute an eluvial placer: downslope and other 


deiuwal and proluvial as shown. 


the angle of slope or gradient where the placers are formed on 
the sides of hills or mountains. Secondary factors include the 
aickness of the slope materials (scree, talus, residuum), the 
size and specific gravity of the weathered particles in the 
residuum, the coefficients of thermal expansion and contrac- 
tion of residual particles, the coefficient of friction, the 
movement of ice and snow (glaciers) and the annual and daily 
variation of temperature. The last governs the freezing and 
thawing of the residuum in temperate zones, and is particular- 
ly important in permafrost regions where solifluction is 
widespread. Continuous downhill creep appears to be the 
main way by which gold reaches gulches and creeks. Moving 
water plays only a small part in the concentration of heavy 
minerals in eluvial placers, and it is common to find that these 
placers are largely independent of water courses either in the 
detritus or on the surface. 

Auriferous eluvial placers commonly exhibit considerable 
gradation and variation in the content and nature of their gold 
and associated heavy and light minerals. Near the primary 
deposits the particles of gold are invariably larger and com- 
monly of less fineness than those farther down the dispersion 
fans and trains on the slopes. During the downward creep of 
minerals and rock fragments on slopes the lighter fractions 
tend to gravitate to the top layers and move relatively faster 
downhill than the heavier fractions. This is why one common- 
ly finds a greater concentration of light minerals and rock 
fragments such as quartz floats at the foots of hills and 
mountains rather than farther uphill and at the outcrop of 
auriferous quartz veins. Finally, nonuniformity and erratic 
behaviour commonly prevail in the continuity and value of the 

ay streaks in most eluvial placers, a feature that dictates that 
most of these deposits must be carefully pitted, trenched, 
drilled and evaluated before exploitation. 


placer materials are classified as 


Eluvial gold placers were widely worked in many parts of 
the world prior to the turn of the century. Most were residual 
blanketlike deposits developed on a relatively flat terrain, or 
fanlike accumulations formed on gentle slopes. The materials 
of these deposits varied greatly depending principally on the 
types of bedrocks and deposits and the type and degree of 
weathering. Most had a high iron (lateritic) content although 
some were relatively highly enriched in aluminum (bauxite or 
clay). Most consisted of a residuum of quartz, sand, clay, iron 
oxides, aluminum oxides and manganese oxides in which the 
particles of gold, commonly with a number of other chemical- 
ly resistant heavy minerals, were concentrated on or near the 
bedrock. Some of these deposits are highly cemented with 
clay, limonite or caliche (carbonates); more rarely by silica. 
Most eluvial placers are low grade in gold, but some are of 
enormous yardage (tonnage). Much of the gold in eluvial 
placers is rough and irregular in form, and the fineness is 
commonly only slightly higher than that in the pnmary 
deposits. Eluvial placers are known for their large nuggets or 
masses of gold, some weighing several hundred to a thousand 
ounces or more; alluvial placers only rarely contain large 
nuggets (>100 oz). Some eluvial placers yield silver, lead, 
cassiterite, cinnabar, diamonds and platinoids in addition to 
gold. A few descriptions of typical examples of eluvial 
deposits follow. 

Extensive eluvial placers are unknown in Canada, but 
there are a number of small examples mainly in Yukon that 
are of interest from an academic viewpoint. In the Dublin 
Gulch area, Yukon (Boyle, 1965a), small eluvial placers are 
developed on the sides of the hills above the economic gold 
placer in the gulch (Fig. 69). The eluvial placers contain 
mainly scheelite with small amounts of wolframite and gold. 
these minerals being derived from a complex of scheelite- 
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Figure 69. Generalized geology of Dublin Guich area, Yukon showing gold and scheelite gulch 


placers (after Boyle. 1965a). 
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bearing skarn, quartz-wolframite veins and northeast stnking 
quartz-arsenopyrite-pyrite-scorodite-gold veins, all lying 
slightly uphill from the eluvial placers. The constitution of the 
eluvial material is varied depending on the type of bedrock. 
Over schists the materials are mainly mixtures of sand, clay, 
limonite and disintegrated schist: over granodiorite the mater- 
ials are principally a limonitic clay mixture with highly 
disintegrated feldspar and quartz. The principal heavy miner- 
als in the eluvium are gold, scheelite, wolframite, extrinsic 
hematitic nodules of iron-formation, garnet, cassiterite, 
magnetite, bismuth, pyrite, arsenopyrite, Jamesonite, siderite, 
nodules of oxidized galena, limonite, wad and scorodite. 
Eluvial material containing gold and scheelite is greatly 
enriched in arsenic, antimony and tungsten a feature that can 
be used in geochemical prospecting for this type of deposit. 

In the western United States eluvial placers have been 
worked in the past in California, Oregon, Nevada and Mon- 
tana, but few rivalled the alluvial types in these states in their 
economic importance. In the Appalachians of the United 
States eluvial placers were worked on a fairly large scale 
before the turn of the century, especially in Georgia, (Becker, 
1895; Pardee and Park, 1948; and Lesure, 1971). There, in the 
Dahlonega gold belt in Lumpkin County, the bedrock is a 
complex of mica schist, mica gneiss, quartzite, amphibolite, 
migmatites and granite. The schists contain abundant gold- 
bearing quartz veins and stringers of various ages. All rocks 
and deposits are deeply weathered forming at the surface what 
has been called a saprolite by Becker (1895). Saprolite is in 
reality only a form of laterite; it is brownish in colour, 
composed of soft, earthy, clay-rich materials derived from 
thoroughly decomposed schist and other metamorphic rocks. 
Zones of disorganized and disintegrated quartz veining in the 
saprolitic schists were mined by deep open cuts on a large 
scale near Dahlonega, the gold being won partly by washing 
and partly by crushing of the quart in stamp mills. The 
enrichment in the saprolite was evidently due to considerable 
leaching and precipitation of gold as Suggested by the geo- 
chemical results quoted by Lesure (1971), who found up to 2.9 
ppm in freshly precipitated limonite. The gold distribution in 
the fresh vein quartz is low and spotty, and the primary 
deposits are apparently not attractive mining ventures. 

Certain gossans on stockworks or massive sulphide de- 
posits and their attendant eluvial deposits have been mined or 
are being mined for gold. At the Greenhorn Mine in Shasta 
County, California an auriferous gossan was worked profita- 
bly for many years (Huttl, 1940). The gossan was developed 
on a copper sulphide orebody and consisted of a mass of 
limonitic material of varying thickness containing localized 
zones of rhyolite. The principal values in the gossan were gold 
and silver with some flakes of native copper. The gold 
particles were extremely fine, almost microscopic. The com- 
bined gold and silver content averaged about 0.20 oz/ton. 
Similar gossans have been mined in many countnes, e.g., 
Spain (Rio Tinto), Australia (Mt. Morgan) and elsewhere. 
Some of these are described in more detail in Chapter IV. 

Eluvial deposits have been worked in many places in the 
tentic residuum in Mexico, Central America, Cuba, Haiti, 
oe: Rico and the countries of South America. 

In Mexico eluvial-alluvial placers in three large fans of 
gravels downslope from a mineralized porphyritic granite 
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Stock and its limestone contact zone are found near Guadalcé- 
zar in the central part of the State of San Luis Potosi (Fnes 
and Schmitter, 1948). The placers were derived from the 
weathering and erosion of the mineralized parts of the granitic 
body and its contact zone and contain tin as cassitenite, 
mercury as cinnabar and minor amounts of gold and silver. 
The gold in the finer fraction of the gravels and sands is free; 
in the coarser fractions it is chiefly in sulphide minerals 
(pyrite, arsenopyrite, galena, sphalerite, stubnite, silver sul- 
Phosalts) and their oxidation products. Part of the silver is in 
sulphides and sulphosalts and a part is alloyed with the native 
gold. Average assays of some of the placer materials show the 
following: 84 ppm Sn, 15 ppm Hg, 9.44 ppm Ag and 0.058 
Ppm Au. Some 550 million m’ of gravel are present in the 
fans. 

In South America most of the eluvial deposits were 
blankets and eluvial fans in the lateritic materials near zones 
of quartz veining in Archean greenstones and associated 
sediments. In actual fact gold in the laterites of the Guianas is 
widespread ranging from 0.003 to 0.135 ppm over hundreds of 
Square miles in some places. Such areas seem to be centred on 
auriferous Precambrian greenstone and sedimentary belts 
intruded by granitic rocks and porphyries. During weathering, 
therefore, gold has apparently been concentrated in the 
laterites both from the rocks and from epigenetic gold-bearing 
deposits. Extensive natural winnowing of the laterites has 
evidently given rise to the important alluvial placers, which 
are a feature of the Guianas. One interesting deposit at Omai, 
Guiana (British Guiana) was a deeply weathered aplite dyke 
highly decomposed to a depth of more than 100 ft (Maclaren, 
1908). The primary dyke material was shot through by slightly 
auriferous quartz stringers and heavily pyritized, the pynite 
being auriferous. The decomposed material consisted essen- 
tially of limonite-stained sand and clay, in which well crystal- 
lized free gold was abundant. 

Other interesting types of eluvial deposits occur in Brazil 
mainly in the Quadrildtero Fernfero, Minas Gerais. All of 
these are associated with gold-bearing iron-formations (itabi- 
rites). General descriptions of these deposits are given by 
Derby (1884, 1903), Bensusan (1929), De Oliveira (1930, 
1932), Gair (1962) and Dorr (1969) (see also p. 304 of this 
chapter). One type of secondary deposit, not necessarily 
eluvial, but often grading into eluvial deposits is locally 
known as “jacutinga” (De Oliveira, 1932). The jacutinga 
occurs as thin (inches to a few feet) lines or bands in itabirite 
and is a decomposition, or more accurately a surficial chemi- 
cal disintegration product of the iron-formation. It is com- 
posed essentially of powdery ferric oxide (limonite and 
hematite) manganese oxides, clay minerals and talc in which 
nuggets, plates and threads of native gold are present. Evi- 
dently the gold originated by chemical solution and re- 
Precipitation of the metal, from low grade gold-bearing 
iron-formation. From the descriptions, some of the jacutinga 
were rich, up to 0.5 oz Au/ton or more, and some were mined 
to depths of 700 ft. Some of the gold was rich in palladium. 

The other type of deposit associated with iron-formations 
in Brazil is the gold-bearing ‘Tapanhoancanga’ or ‘Canga’ for 
short. This is an irregular layer or blanket up to 10 ft or more 
thick of limonite-cemented fragments of iron- 
formation (itabirite). It is commonly developed on all iron- 
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formations throughout the world that are extensively oxidized. 
“uch of the limonite appears to derive from the oxidation of 

on silicates and pynte in the iron-formation. Where the 
iron-formations are also gold-bearing the canga is commonly 
enriched in gold, the metal occurring in small flakes, wires, 
specks and also in a submicroscopic form associated in some 
manner or other with the limonite. In the past. deposits of this 
type were worked in a small way in many parts of the 
fernferous quadrangle in Minas Gerais. 

Eluvial placers have not been important sources of gold 
in Europe although they have been worked in the past, some 
by the Romans, in Portugal, Spain, France, Switzerland, 
Germany and Romania. Important eluvial deposits were once 
worked in the Berezovsk, Kochkar and other districts in the 
U.S.S.R. In Africa a few eluvial placers have been worked 
mainly in Egypt, Sudan, Ethiopia, Zaire, Ghana and elsewhere 
in the western gold belt of Africa. Most were small but have 
mothered extensive alluvial placers in a number of countries. 
It is of interest to note that the great Rand deposits of South 
Africa gave rise neither to extensive eluvial nor to alluvial 
deposits, a feature that is difficult to explain. The reason for 
the paucity of placer gold associated with these enormous 
deposits probably has much to do with the size of the gold in 
the reefs (50 yx) and the presence of abundant pynite, which 
weathers readily to give soluble iron salts and colloidal 
hydrous iron oxides. Both of these features would tend to 
render the gold soluble or mobile as an absorbed component, 
thus ensuring its broad dispersion. 

Eluvial gold was relatively common in Australia before 
“he turn of the century, but most of these placers are now 
Xhausted. Fabulous nuggets were found in some districts in 
the eluvium or weathered rubble of the oxidized deposits. At 
Big Nugget Hill in the Hargraves goldfield of New South 
Wales a nugget weighing 106 lb was found in the eluvium by 
an aboriginal shepherd. At Lucknow, also in New South 
Wales, the eluvium was of great richness at and near the 
outcrop of the veins. In Victoria even larger nuggets were 
found in the eluvium and disintegrated country rock near the 
veins of Ballarat, Tarnagulla and other places, including the 
Welcome Stranger (2516 oz), Welcome (2195 oz), Blanch 
Barkley (1743 oz), Canadian (1319 oz), Dunolly (1364 oz) and 
Sarah Sands (755 oz). In Western Australia the eluvial placers 
were small, rich and soon worked out in the Pilbara, Kimber- 
ly, Coolgardie, Kalgoorlie and other Yilgarn fields. 

In Asia eluvial gold has been won from soils and weath- 
ered debris near outcroppings of gold in Japan, China, Burma, 
India, U.S.S.R. and elsewhere. Most of these deposits were 
small and have long been exhausted. One type of eluvial 
deposit in U.S.S.R. is of considerable interest both economi- 
cally and scientifically — the Kuranakh type. The Kuranakh 
gold deposits found in 1959-1962 are mainly in Lower 
Cambrian bituminous limestones and dolomites in the Aldan 
anteclise of southern Yakutia (Razin and Rozhkov, 1963, 
1966; Kazarinov, 1969; Borodaevskaya and Rozhkov, 1974). 
There is considerable similarity between the primary gold 
occurrences and those described in this chapter for the 
disseminated deposits of north-central Nevada (Carlin, 
Cortez, etc.). The primary occurrences in the Kuranakh 
distnct are mainly potash feldspar (adularia) and quartz 
metasomatites with about 6 ppm gold occurring as irregular 
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replacements of the limestones and dolomites in places in 
stratiform bodies up to 3 km in length, 300 to 500 m in 
breadth and 5 to 10 m in thickness. The gold in the adularia 
zones is very finely-divided (2-5 ») and mainly in pyrite. Thin 
kersantite dykes and sills of late Mesozoic age are also 
accompanied by adularization along their contacts both in the 
Cambrian strata and in Lower Jurassic sandstones, and these 
igneous rocks have a comparable tenor of gold within the ore 
zones. Oxidation of the primary gold-bearing zones and 
karstification of the Lower Cambrian limestones. in post- 
Jurassic and Recent times has given rise to economic eluvial 
deposits consisting essentially of highly weathered material 
composed mainly of oxidized ore, limonite, clay and sandy 
materials in the karst cavities (Fig. 70). The gold in the eluvial 
material occurs as very finely-divided flakes ranging in size 
from 5 to 20 « The ratio of concentration is not given, but 
presumably it is about 2 making the grade of the deposits 
about 12 ppm (0.35 oz Au/ton). 

In Luzon, Philippines, eluvial placers are common and 
were extensively mined in the past. Gilbert (1940) describes a 
number of these from the Paracale-Mambulao district where 
the primary auriferous material is mainly veins and stock- 
works of quartz and pyritic quartz veins in granite intruding 
serpentinites. The auriferous eluvial material consisted mainly 
of weathered debris and disintegrated bedrock carrying free 
gold. 

Certain eluvial auriferous deposits take the form of talus 
accumulations. A typical example of this type of placer occurs 
near the Belaya Gora deposit in the Lower Amur region of 
U.S.S.R. (Borodaevskaya and Rozhkov, 1974). The bedrock 
deposit occurs near the summit of Belaya Gora in a strongly 
fractured, kaolinized and silicified Oligocene volcanic neck. 
The gold is mainly free and accompanied by about 0.5 per 
cent combined pyrite, arsenopyrite, sphalerite and argentifer- 
ous sulphosalts. The talus placer associated with the primary 
deposit lies below the deposit on a gentle slope and averages 
some 5-6 m in thickness. In composition the talus material is 
largely variegated clay and sandy clay and oxidized rubble 
with a heavy mineral suite composed mainly of limonite, 
magnetite, ilmenite, chromite, epidote and small amounts of 
zircon, sulphides, manganese oxides and other minerals. The 
gold is disseminated through the talus material and also forms 
short streaks and enriched lenses. The gold in the talus is not 
much different from that in the bedrock. The gold grains 
range in size from 0.05 to 1.5 mm. Some adsorbed and very 
finely divided gold also occurs in concretions of kaolinite and 
quartz. Downhill from the talus placer there is a colluvial and 
alluvial placer system associated with springs and the river fed 
by the springs. 


Alluvial placers 
Alluvial placers are those formed in present and past water 
courses in gulches, creeks, rivers, flood plains and deltas. 
Reworking of some of these deposits together with others 
formed as a result of sedimentation or glacial processes by 
wave action may yield beach placers, which are treated 
separately. 

Alluvial placers have been worked since ancient times in 
practically every country (Fig. 67) and have produced proba- 
bly about one-quarter of man’s store of gold. If we include the 
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Figure 70. Schematic cross-section of an auriferous karst, Kuranakh district. southern Yakutia, 


U.S.S.R. (after Razin and Rozhkov, 1963). (No scale given on original.) 


Witwatersrand deposits as fossil alluvial placers, the amount 
of gold produced from these types of placers probably 
approaches two-thirds of man’s store of the precious metal. 

Alluvial placers can be classified into two general catego- 
ries — modern and fossil. The distinction between the two is 
commonly difficult to make in the field. Placers formed in 
present day water courses and most of those of Pleistocene 
and Tertiary age fall into the modern category. Those of 
greater age, commonly buried deeply by superincumbent 
sediments or volcanics and generally lithified we shall call 
fossil. Fossil placers occur throughout the geological column 
and are described subsequently. 

There is an enormous amount of literature on alluvial 
gold placers, dealing with descriptions of the placer fields, the 
principles of placer formation and the methods of panning, 
rocking, sluicing, hydraulicking and dredging. The interested 
reader is referred to the general references mentioned in the 
introduction to the section on placers. 

There are some general characteristics of alluvial gold 
placers that will serve as a basis for the descnptions and 
discussion that follow. These include: alluvial placer gold in 
pay streaks near its source is invariably coarse and is found in 
the lower layers of the alluvium either on bedrock, in a zone a 
few feet above the bedrock or in crevices, fractures, etc. in the 
bedrock within a few feet of the surface. An exception to this 
is where the so called ‘false bottoms’ or ‘false bedrocks’ occur 


in thick beds of alluvium. These false bottoms may be clay 
layers (hard pans) within the gravels, compacted sands or 
more rarely limonite-cemented sands and gravels (conglomer- 
ates). Alluvial placer gold far from its source is generally 
finely divided, and while part of the gold may be on or near 
bedrock or false bottoms most of it is dispersed throughout 
great thicknesses of the sediments. This is especially true of 
extensive flood plain and deltaic deposits. Two other features 
are characteristic of most alluvial gold placers. The first. as 
intimated above, is that the further from the source the more 
finely divided the gold, and the second is that placer gold 1s 
finer in value than its source lode gold and that with increas- 
ing distance from the source the finer is the gold. These two 
Statements are general. The first is invariable, but there are 
exceptions to the second in some districts. 

Alluvial placers are composed of loose unconsolidated 
gravels and sands that are commonly relatively clean. The 
terms ‘white channel gravels’, ‘white leads’ and ‘white bars’ 
reflect the latter circumstances with respect to quartz In 
places, however, the pebbles and the gold may be coated with 
limonite, wad and other precipitates. Some alluvial gravels 
and sands are heavily impregnated with limonite and wad 
forming the ‘cement gravels’ or ‘cangalli’ of the alluvial miner. 
Such gravels invariably occur where the primary deposits and 
wall rocks are rich in pyrite, sidente, chlorite and other iron- 
and manganese-bearing minerals. Secondary siliceous and 


343 


THE GEOCHEMISTRY OF GOLD AND ITS DEPOSITS 


calcareous cements are rare in alluvial gravels except in the 
‘=einity of siliceous springs and lime-bearing waters; some 

avial deposits may be cemented by caliche in and regions. 
In permafrost zones the alluvial gravels are frozen solid and 
have to be thawed out before dredging or hydraulicking. 

The heavy mineral suite accompanying gold in alluvial 
placers differs depending on the host rocks and types of 
primary deposits. Magnette and ilmenite are the most com- 
mon, and these may be accompanied by varying amounts of 
monazite, pyrite, arsenopynite, cassiterite, wolframite, schee- 
lite, cinnabar, native bismuth, bismuthinite, galena, sul- 
phosalts, platinoids, tourmaline, garnet, chromite, rutile, 
barite, corundum, zircon, wad and limonite. 

Most alluvial deposits in gulches, streams and rivers are 
characterized by a lack of regular and persistent bedding or 
stratification, but pseudobedding, laminations, current or false 
bedding may be developed in some accumulations. In deltaic 
deposits bedding and stratification is poorly- to well- 
developed depending upon the rate of sedimentation. Frac- 
tures, fissures and even faults can be seen in some modern 
alluvial placers. The last may throw the pay streaks several 
tens of feet in places. 

Gold placers can be classified in a number of ways based 
upon their location or genesis. Kartashov (1971) gives a 
classification that is current among some placer geologists in 
the Soviet Union. He distinguishes two types of alluvial 
placers — autochthonous and allochthonous (Table 66). In the 


Table 66. Characteristics of the kinds of alluvial gold placers 


authochthonous variety he lists those placers formed essential- 
ly near the primary or more rarely the secondary source(s) of 
their gold; the allochthonous variety implies considerable 
transport of the gold and deposition far from the primary 
and/or secondary source(s). This classification is quite satis- 
factory but requires a considerable knowledge of the details of 
placer deposits and the dynamics of their formation before 
they can be adequately categorized. Another classification of 
placers is provided by Kazakevich (1972) (Table 67). ; 

The simplified classification of placers adopted here 
follows essentially the scheme suggested by Lindgren (1933) 
and others based mainly on the geological location and the 
tectonic history (uplift and depression) as shown in Table 68. 
The latter factor is emphasized by Trofimov (1964), who 
considers it to be the chief control on the formation of placers. 

The formation of alluvial placers depends upon many 
interacting physical and chemical factors, our general knowi- 
edge of which is fairly well established. However, our under- 
standing of many of the chemical and physical details of the 
accumulation of gold in alluvial placers is still remarkably 
poor, especially with respect to the formation of nuggets. 
There are also many differences of opinion as to why gold is 
concentrated on or near bedrock in alluvial placers. These 
problems are discussed subsequently. 

The physical and chemical factors involved in the forma- 
tion of alluvial gold placers are: an adequate source of 
primary gold, favourable oxidation processes for its release 


Autochthonous 


Bottom* 
Channel, valley, terrace and 


Notes 
1. Are represented by 


2. Occur 


3. Are concentrated 
substrativet alluvium and in 


Valley, terrace and watershed 
watershed placers placers 


Adjacent to their gold-bearing sources 


At the base of an instrativet or At the base of a perstrativet 
alluvium and within constra- 


Allochthonous 


Point-bar delta, river-plain, valley, 
terrace and water-shed placers 
More or less far from their gold- 
bearing sources, being separated 
from them and from autochtho- 
nous placers by zones of disper- 
sion of ‘placer minerals 


In surficial horizons of a perstra- 
tive alluvium and within constra- 


Above-bottom* 


the crevices of the bedrock tivet strata, in the same parts _ tive strata, downstream from au- 
of valleys as bottom placers tochthonous placers 
4. Consist of mineral grains Derived directly from gold-bearing sources or redeposited from Brought by rivers into concentra- 


older placers and not carried away by rivers from concentration 


zones 


Entire time of destruction of 
primary gold-bearing deposits, 
embracing, as a rule, many 
stages of river development 


5. Accumulate during 


6. An enclosing alluvium is 
formed during 


Downcutting stages or transi- 
tion from them to equilibrium 
stages 


7. An enclosing alluvium, being 
reworked dunng a downcutting 


stage, is tom 


tion zones 


The last equilibrium and/or aggradation stages of river development 


Equilibrium and/or aggradation stages 


Not destroyed but displaced to Displaced to the level of a new 
the level of a new bedrock bot- bedrock bottom and added to Completely destroyed 
bottom placers 


8. The mechanism of concentra- Does not essentially depend upon the hydrodynamic properties eines to a large extent upon 


uon of ‘placer’ minerals of flowing water 


the hydrodynamic properties of 
flowing water 





Adopted from Kartashov (1971). 
*These terms refer to the position of the pay streaks with respect to the bedrock. 
nstrative, perstrative and constrative correspond to the stages of nver down- 
stung, dynamuc equilibrium and aggradauon. Refer to Figure 73 and the 
original article by Kartashov (1971). 
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Table 67. Genetic classification of gold placers 
T Sub-t 


L.Eluvial 1. Zones of weathering of gold-quartz deposits 
2. Zones of oxidation of auriferous sulphide 

deposits 

Solifluction and land slide placers 

Solifluction and deluvial placers 

Deluvial and landslide placers 

Alluvial placers 

Proluvial placers 

Lacustrine placers 

Placers of main and lateral moraines 

Placers related to interglacial and glacial 

streams and other water courses of glacial 

origin 

Placers in eolian sands 

1. Beach placers 

2. Placers on underwater slopes ° 

3. Placers in near shore still water (lagoons, 
coves) 

Source: Kazakevitch (1972). 


II.Slope 


III. Watercourse 


IV.Glacial 


Lodge bed) PAS 


V.Eolian 
VI.Marine 


and favourable concentration sites, all of which depend 
essentially on the tectonic environment, which controls the 
dynamics of streams and rivers. Each of these is discussed 
below. 


1. Nature of the oxidation processes in the primary 
gold-bearing deposits: several factors are involved, including 
climatic and groundwater conditions and the nature of the 

primary gold, gangue and wallrocks. These are discussed in 
@= in Chapter IV. The nature of the primary gold and the 

chemical system operating during oxidation of the deposits are 
two critical factors in the formation of alluvial placers. 

The size of the primary gold particles is a major consider- 
ation. Where the particles of native gold in a primary deposit 
exceed 100 there appears to be relatively little solution or 
flotation of the gold in the natural waters. During oxidation 
processes the particles tend to go directly into the eluvium and 
creep from there into the alluvial placers. They may, however, 
accrete gold from the soil solutions and stream waters as they 
proceed on their journey. 

In some districts, however, where the primary gold is 
extremely finely divided (<50 y) or is a microscopic or lattice 
constituent of auriferous pyrite, arsenopynite, tellurides, etc., 
alluvial placers are not formed to any extent even though 
other conditions are favourable. One striking example of this 
is the paucity of alluvial placers associated with the great 
Witwatersrand deposits. In such districts the gold does not 
seem to aggregate to form large particles. On the contrary it 
appears to be dispersed as flour gold or is dissolved and 
dispersed throughout the ground and surface water systems. 
In other districts the reverse situation exists, and alluvial 
deposits abound even though the gold is finely divided or a 
constituent of pyrite, etc. in the primary deposits. In these the 
gold accretes mainly in the oxidized zones and eluvial deposits 
to form relatively large particles, which ultimately find their 
way into the alluvial placers. To explain the difference in 

behaviour between the two extremes is not simple because of 
@-- complex chemical systems involved. In the writer’s expen- 
ence one important factor appears to be the punty of the 
finely divided primary gold. If its silver and/or copper content 


Table 68. Classification of alluvial placers according to their 
geological location and tectonic history (uplift or 
depression) 


Present form Elevated equivalents Depressed equivalents 
1. Guich, canyon _— High level guich and Deeply buried gulch 


and creek gravels creek gravels and creek gravels 
2. River and bar Bench gravels Deeply buried nver 
gravels High level nver and and bar gravels 
bar gravels 
3. River flood-plain High level Depressed (deeply 
gravels flood-plain gravels _ buried) flood plain 
gravels 
4. Deltaic gravels _ Elevated deltaic Depressed deltaic 
gravels gravels 
5. Beach and shore Elevated beach and Depressed beach and 
line gravels shore line gravels shore line gravels 





is high the gold appears to be more readily dissolved. This is 
understandable from etching procedures in microscopic work 
on gold — pure gold etches with great difficulty whereas alloyed 
gold is readily etched. Once dissolved the gold may be 
dispersed or reprecipitated (accreted) depending on the chemi- 
cal system, especially on the Eh and pH of the environment 
and the presence of various colloids and precipitants (see 
Chapter IV). The relatively pure, finely divided gold, on the 
other hand, enters the erosion cycle chemically unaffected and 
is mechanically dispersed far and wide. Finely divided gold 
contained within pyrite and arsenopyrite and lattice gold in 
these minerals and in tellurides, aurostibite, etc. tends to 
accrete and form large particles, wires, etc. for reasons that are 
obscure but which may involve the solvent effects of thiosul- 
phates, cyanides and ferric sulphate, interaction of the dis- 
solved gold with natural reductants and various colloidal 
reactions. The surface characteristics of finely divided gold 
also seem to be important in its mechanical transport in water 
and probably also in its dissolution in oxidizing solutions. 
Some finely divided gold particles appear to have a relatively 
small contact angle due probably to films of organic sub- 
stances, which permit air bubbles to attach themselves readily, 
a feature that promotes their easy flotation downstream. In 
the case of the Witwatersrand gold the film in some cases may 
be the hydrocarbon (thucholite) with which the gold is 
intimately associated. Films of all kinds, including both 
Organic and inorganic substances, commonly inhibit the 
solution of finely divided gold in natural solutions. The most 
common inhibitors appear to be the various hydrous iron and 
manganese oxides and silica. 


2. Nature of the bedrock or false bottoms: since alluvial 
gold is invariably found on or near the bedrock surface or on 
false bottoms the characteristics of these substrates are com- 
monly decisive in the formation of alluvial placers. Few ‘pay 
streaks’ or ‘runs of gold’ occur on smooth bedrock bottoms for 
obvious reasons. The most favourable bedrocks are those that 
form natural riffles perpendicular to the stream or river course 
as in a gold sluice. Alternating thin beds of soft schist and 
hard quartzite or slate and quartzite are particularly favoura- 
ble. It is a surpnsing fact, however. that in some placer areas 
bedrock riffles parallel to the direction of the stream flow are 
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more effective in trapping the gold than those crossing it at a 
large angle. Limestone bedrocks that are pitted and pinnacled 
provide particularly good settling places for gold, as do 
potholes and nests of boulders in some placer streams. Partly 
weathered schists and gneisses in which the leaves of the schist 
and bands of the gneiss are slightly separated are also ideal 
rocks for the concentration of alluvial gold. The little nuggets, 
flakes and specks of gold dust work their way into such rocks 
often to depths of 10 ft or more. Similar phenomena are noted 
where the bedrocks are sheared, fractured or intensely shat- 
tered. Limestones in karst terrane are also-good traps for gold, 
the metal having worked its way down into the rock to depths 
of 30 or 40 ft in some placer areas. Mining of these zones of 
ennched bedrock is common in many alluvial gold districts. 
As for false bottoms, indurated clay and hardpan layers 
appear to be particularly favourable, although rough gravels 
and sands cemented by limonite, wad or carbonate provide 
Suitable surfaces for the accumulation of gold in some dis- 
tricts. Compacted sands with rough surfaces are favourable in 
others. Some placer areas are characterized by stacked pay 
streaks due to alternating bands of clay, compacted sand, etc. 
in the sedimentary section. 

3. Stream and river dynamics: this subject is complex 
involving hydrodynamics, sedimentation phenomena, geomor- 
phology and isostasy (uplift and subsidence), subjects that can 
be treated only in a general manner here. 

It is assumed that the reader is familiar with the general 
rudiments of the principles of sedimentation of falling bodies 
in static water. Briefly, the controlling factors involved are 
mainly the differences in specific gravity, size and shape of 
particles. It is axiomatic that of two spheres of the same 
weight but of different size, the smaller, with its lesser surface 
area, and hence lesser friction to water, sinks more rapidly in 
a Static water medium. This is part of the reason why gold as 
smal] nuggets is commonly associated with quartz pebbles 1 in. 
or more in diameter.** Furthermore, the shape of particles is a 
factor — a spherical mineral has less surface area than a platy 
mineral of the same weight and hence sinks more rapidly. 
Finally, during jigging of bodies of variable specific gravity in 
water, those with the higher specific gravity sink to the lowest 
level. During this motion, round, shotty particles of gold will 
also find the bottom quicker than scaly or spongy Particles. 

We are, however, not generally dealing with static bodies 
of water in the formation of placers but with bodies of water 
that move and exhibit turbulent flow. The principal parame- 
ters in stream and river dynamics are the gradient and the 
volume of water. The gradient is determined by many secon- 
dary factors in an area but fundamentally by isostasy, which 
involves uplift (or depression) of one segment of the earth 
with respect to the other. The volume of water delivered to a 
stream or river, likewise, depends on many secondary factors 
involving the runoff and groundwater systems but primarily 
on the rainfall of the district. In a district with a pluvial 


*In heavy mineral studies, mineral grains deposited at the same time 
are considered as hydraulically equivalent or equi-settling, under the 
conditions prevailing during deposition. Various factors, principally 
specific gravity and grain shape, are of importance in determining the 
relauve size of hydraulically equivalent grains. The theoretical and 
~racucal aspects of the hydraulic equivalence of grains, with a bibliog- 
‘phy, are discussed by McIntyre (J. Geol., v. 67, p. 278-301. 1959). 
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climate once a gradient has been established stream and river 
systems develop that erode the land and yield a pattern of 
gulches, canyons and valleys. 

The dynamics of the movement of sedimentary particles 
in streams and rivers are of interest in the formation of 
placers. The factors involved are many, including the velocity 
of the water, which depends essentially on the gradient; the 
degree of turbulent flow, the specific gravity of the minerals 
being transported and the nature of the stream or river bed. 
Two types of solid load transported by streams and rivers can 
be distinguished — the suspended load and the bed load. The 
suspended load is maintained in the body of water mainly by 
turbulence, although flotation of sedimentary particles at- 
tached to air bubbles may be important in places. The bed 
load consists of material that is rolled, pulled, slid or other- 
wise swept along the bed of the stream by traction or saltation 
(skipping of pebbles along the bottom in a series of leaps). In 
addition to these movements there is a constant creep of the 
sediment down gradient. This effect is small where the slope is 
minor, but may be marked where high gradients prevail. As an 
approximation it is said that the transporting power of a 
stream varies as the sixth power of the velocity. Calculations 
show that a stream running 2 mph (3 ft/sec) will carry a stone 
or nugget weighing about 3 oz; at 4 mph one weighing 45 Ib; 
at 10 mph one weighing 1.5 tons; and so on. It is easy to 
understand how a spate of water moving down a gulch at 20 
mph, as during flood times, can move boulders weighing 100 
tons and more. 

The evolution of a landscape following a general uplift 
above sea level follows definite patterns depending essentially 
on the amount of rainfall received. In districts with humid 
climates most rivers flow into the oceans, although interrupted 
in places by lakes. Four normal stages of evolution of drainage 
systems in humid areas can be recognized — initial, youthful, 
mature and old age. During the initial stage the gradients are 
low, depressions become filled with water, and streams lazily 
follow various gulleys and flaws in the rock. The rate of 
erosion is minimal, and few if any placers are formed. As the 
youthful stage sets in an integrated pattern of major streams 
with numerous tributaries develops by downward and head- 
ward up-gradient erosion, most lakes disappear and V-shaped 
valleys, and in places steep guiches, canyons and gorges, mark 
the landscape. With time the normal evolutionary pattern 
develops further to maturity. Gulch, creek, stream and some 
river placers are characteristically developed during these 
Stages. As the rivers erode down toward their base level, 
lateral erosion develops wider and wider valleys with gently 
Sloping sides, flood plains are formed, and meandering 
courses that wander hither and thither from channel to 
channel are characteristic. Some creek and stream placers 
continue to develop, but river, flood plain and deltaic placers 
are the mark of this stage. Continued slow downcutting of 
rivers and streams or uplift may leave the remnants of earlier 
valley floors as terraces in which remnants of the river flood 
plain placers are preserved. In old age the level of the whole 
land is reduced to a peneplain characterized by a low relief 
with low rounded hills, shallow valleys, rolling landscapes and 
Sluggish meandering rivers, marked by oxbow lakes that flow 
in various directions following the very low gradients that 
prevail. Few if any placers are formed during this Stage. 








GOLD DEPOSITS 


streaks are those produced by reworking of preexisting aun- 
ferous gravels. 

The law of the pay streak in placer deposits is variable 
depending on whether the placer is formed in gulches, in nver 
channels, on flood plains or in deltaic deposits. Lindgren 
(1911, p. 66) said of the pay streak referring to the deposits of 
the Sierra Nevada of California, some of which are buried 
beneath Tertiary lava flows: 


_ In and climates the evolutionary pattern is significantly 
ou: mainly because of reduced rainfall, the absence of 
I ck soil cover and the lack of vegetation. Wind erosion is 
more important in such climates; extensive downhill creep 
along valley sides is reduced because of the lack of moisture, 
and numerous basins of interior drainage develop generally 
with no connections to oceans. The infrequent precipitation 
during the youthful stage gives rise to numerous nonintegrated 


streams in steep-walled valleys that cut deeply back into the 
highlands. With increasing maturity a poorly integrated drain- 
age develops mostly into closed basins that are marked by 
pediments on which alluvial fans may form. In old age the 
drainage pattern is generally completely disintegrated, there 
being in most districts no streams of any length and common- 
ly no interconnection between those that do exist during a 
pluvial period. Arid conditions are not particularly favourable 
for the formation of placers, although some may form in 
gulches, in canyons and in alluvial fans on pediments where 
the conditions are right. Arid areas are, however, often 
characterized by great spates and walls of water that come off 


It has become almost an axiom among miners that the gold is 
concentrated on the bedrock and all efforts in placer mining are 
generally directed toward finding the bedrock in order to pursue 
mining operations there. It is wel] known to all drift miners, howev- 
er, that the gold is not equally distributed on the bedrock in the 
channels. The richest part forms a streak of irregular width referred 
to in the English colonies as the “run of gold” and in the United 
States as the “pay streak” or “pay lead”. This does not always 
occupy the deepest depression in the channel and sometimes winds 
irregularly from one side to the other. It often happens that the 
values rapidly diminish at the outside of the pay lead, but again the 
transition to poorer gravel may be gradual. An exact explanation of 
the eccentricities of the pay lead may be very difficult to furnish. Its 
course depends evidently on the prevailing conditions as to velocity 


the highlands or mountains during cloud bursts, rush down of current and quantity of material at the time of concentration. 


the dry washes, gulches, canyons and valleys carrying every- 
thing before them, and finally debouch onto the alluvial fans 
on pediments or into the closed basins. Such violent activity is 
not conducive to the formation of placers; on the contrary any 
that formed would be sluiced down the gulches, creeks and 
canyons and the gold spread indiscriminately over the lower 
valley bottoms and inland basins. 

Desert placers as a whole are small and the pay streaks 

ce): often erratic and commonly scattered. ‘Bajada’ or ‘pedi- 
~ sent placers’ in desert terrains may be more productive, but 
they are commonly difficult to work. Descriptions of some 
typical desert placer areas in the southwestern United States 
and Mexico may be found in the publications by Haley 
(1923), Webber (1935), Vanderburg (1936), Wilson and Fan- 
sett (1961) and Johnson (1972a,b, 1973a,b, 1974). 

The above descriptions charactenze the normal evolution 
of drainage patterns and the formation of placers under the 
extremes of humid and arid conditions. But -many abnormal 
conditions prevail in any particular district. Sudden uplifts at 
the mature or old age stages cause renewed downcutting of 
channels and destruction or deep burial of placers already 
formed. Similarly, great or sudden increases in rainfall may 
produce floods that sluice out the guiches, creeks and canyons, 
change the courses of the rivers, and greatly modify, destroy 
or bury the most recent placers. Depressions of valleys may 
result in basins in which lakes develop or inlets are formed, 
which are invaded by the ocean. These ultimately become 
filled with sediment burying deeply any placers formed in the 
valleys. Finally, glaciers forming in high mountains and 
extending down gulches and valleys may plough out all 
sediments and scatter the placer materials far and wide. 

The location of the pay streaks in placers is of pnme 
interest to the placer miner. Given an adequate primary gold 
source pay streaks in general are fairly uniform and have 
considerable continuity in moderately hilly country where 
uniform rainfall has prevailed and where deep secular decay 

@*:: been followed by a gradual restricted uplift. Any aberra- 
~~ Gons in this ideal pattern invariably cause marked variations 
in the tenor and continuity of the pay streaks. The richest pay 


Tyrrell (1912) while admitting the fickle nature of the pay 
streak concluded that “the pay-streak is a feature in the 
structure and growth of the valley in which it occurs, its 
formation is governed by certain geological laws, and those 
laws should be recognizable without great difficulty if the 
growth of the valley can be traced with reasonable accuracy.” 

The features of the evolution of valleys is discussed 
above, but this knowledge is only of general value in studying 
placers. To accurately determine the location of their pay 
streaks, especially in the buried types and those on flood 
plains and deltas, requires detailed profiling by trenching or 
overburden drilling. Geophysical methods may assist in some 
terranes. Where the cover is light and the bedrock magnetical- 
ly low, a magnetometer survey may outline the position of the 
magnetic ‘black sands’ so commonly accumulated with gold. 
Where the bedrock has a higher magnetic intensity than the 
gravel, the position of magnetic lows may indicate the position 
of the pay streak channels. Electrical methods may also assist 
where there are conductivity or other differences between the 
bedrock and the basal alluvium. Hammer seismic methods 
under favourable conditions can also be used for profiling and 
outlining the notches or gutters containing pay streaks. The 
pay streak in guiches and youthful streams is generally easily 
located. It is commonly in or near the notch or gutter of the 
V-shaped valley or gulch on and just above bedrock (Fig. 71). 
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Figure 71. Sketch showing the location of an auriferous pay streak in 
the notch or gutter of a V-shaped valley or guich 
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As the valleys mature. widen out and become filled with 
sediments the streams shift their location from time to time, 
and the pay streaks may no longer be in the lowest depression 
or gutter. Furthermore, pay streaks long since buried may 
bear no relation to the present streams (Fig. 72). Pay streaks 
in wide valleys, flood plains and deltas are extremely irregular 
in their distribution and are the product of an environment 
where shifting channels and migrating meanders hold sway 
(Fig. 73). In most streams and rivers where placers are 
forming, gold collects along bars due to some obstruction, 
diversion or slackening of the water course in the slower 
moving water on the inside curves of fast-flowing meanders, in 
the main stream near the mouths of tributaries and elsewhere 
where slack water prevails (Fig. 74). These guides are useful in 
the study of both recent and ancient water courses. With 
respect to the latter, however, care must be taken to ascertain 
the direction of the paleogradients. For instance the Tertiary 
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Figure 72. Generalized map showing the position of the pay streak in 


“Se auriferous gravels in relation to the present stream system. Mary- 
‘rougn, Victoria. Australia (after Hunter, 1909). 
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channels of the Sierra Nevada have been tilted by movements 
initiated by block faulting so that some of the gold channels 
now ‘run up hill’ as compared with the present gradient of the 
country. 

Pay streaks may be reworked by subsequent streams in 
the same or different courses into exceedingly rich concentra- 
tions (Fig. 75). In a broader areal sense the reworking of 
former placers may also be economically important in places. 
Thus, the lean placer concentrations of goid and platinum 
formed during the Mesozoic and early Tertiary in the Urals, 
U.S.S.R. were uplifted and crossed by a Pliocene-Quaternary 
drainage system in which rich new placers were concentrated 
(Sigov et al., 1972). 

Deltas may form in rivers, lakes, seas and oceans, but few 
gold placers in deltas in these locations have been described, 
probably because they are relatively rare. The principles 
governing the pay streaks in deltas are the least understood. 
Deltas in rivers tend to concentrate gold in fairly well-defined 
Streaks just downstream from the mouths of the streams, 
mainly in topset and foreset beds if these are developed. 
Deltas in lakes commonly receive only fine-grained to very 
fine-grained (flour) gold, and the metal may be dispersed 
more or less throughout the sedimentary pile. In some cases, 
however, the fine-grained gold may collect in streaks on the 
foreset beds, and these may have relatively high angles of 
inclination. Deltas in seas and oceans do not seem to develop 
well-defined streaks, probably because of the extremely fine 
subdivision of most of the gold reaching the oceanic environ- 
ment. If streaks do develop, they are usually erratic and seem 
to be mainly located in the topset and foreset beds. 

An unusual type of (alluvial) placer is described by 
Bensusan (1942) in Burma. This placer, near Tenasserim, 
consists of gold in mangrove swamp mud. The gold appears to 
be present in a colloidal form since repeated examinations of 
samples and concentrates under a high power microscope 
failed to show any free gold. From the description it would 
seem that this is a case of concentration of gold in a humic 
environment, perhaps by chelation or other organic bonding 
(see also Chapter IT). The swamp mud averages about 0.285 
ppm Au and is said to contain some £200 million worth of the 
metal. 

At this point a few words should be said about allunal 
placers originating from the reworking of glacial debris by 
glacial and later streams. Some examples of these are given 
later in the descriptions that follow, and hence only generab- 
ties need concern us here. 

Valley glaciers give rise to vast terminal moraines and 
during wasting may clog the valleys with great accumulations 
of glacial till, clay and sand. If these glaciers have scoured 
valleys containing gold placers or the sides of valleys contain- 
ing oxidized or unoxidized gold deposits, the glacial matenals 
may be slightly auriferous. Reworking of these materials by 
meltwaters and subsequent streams may produce stream and 
river placers in the normal manner. Many of these placers are 
often buried, difficult to recognize, and their pay streaks are 
frequently erratic. Nevertheless, a number of these types of 
placers have been worked in the past particularly in New 
Zealand (Park, 1969; Williams, 1974), and there are others in 
the Rocky Mountains of Canada and the United States, and 
elsewhere. 
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Figure 73. Cross-section of an allochthonous gold placer in the valley of the Kuranakh River, 
southern Yakutia, U.S.S.R. (after Kartashov, 1971). 
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These zones indicate the locations in placer streams (sp. gr. : 3.65) (sp. gr. : 2.65) 
most favourable for the concentration of values 
@': 74 Diagram of a laboratory stream showing currents and distribution of sedimentary 
materials of different specific gravity (after MacKay. 1921). Galena was employed as the 
mineral of high specific gravity. The analogy with the placer conditions found in most rivers 
and streams with moderate gradient !s excellent. 
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GSC 
Figure 75. Sketch showing reworking by subsequent stream of an 
older pay streak. River Leigh. Victoria, Australia (after Hunter, 1909). 
An old auriferous sub-basaltic river is crossed by the present stream in 
which some payable gold was found downstream from the old pay 
streak. 


The action of piedmont glaciers and ice sheets (continen- 
tal glaciers) has generally been disruptive and destructive of 
preexisting placers. In places, however, there have been 
reconcentrations by glacial streams from the disrupted placers 
as in Yukon, British Columbia, Quebec, Siberia and else- 
where. Some of these are described subsequently. 

From the general considerations discussed above, and 
others that will be mentioned subsequently in the text, some 
general conclusions about the concentration of gold and other 
heavy minerals in alluvial placers can be stated. 

1. Coarser gold is generally deposited in the upper 
reaches of a placer gulch, stream or river, and the finer 
grained gold is generally deposited in the lower reaches of 
placer water courses. 

2. The richest and coarsest gold and nuggets are common- 
ly deposited in the layers with comparatively coarse sediment, 
and the finer gold particles are commonly deposited in the 
finer, sandy fractions of the sediment. 

3. Gold should normally occur in streaks with other 
heavy minerals such as magnetite, scheelite, barite, etc. 

4.Gold found on a bottom with a steep gradient will 
commonly be coarser than that found on a flat-lying level 
bottom. : 

5. In narrow gulches and gorges mainly coarse gold will 
be deposited. 

6. Little gold will lodge in places where scouring action is 
marked. 

7. Pot holes do not generally form effective lodgements 
for gold mainly because of the centrifugal grinding action and 
ejection of fine gold from such sites. 

8. On a favourable bottom the gold generally collects on 
the downstream side of natural riffles. 

9. Zones of slack water in water courses are favourable 
sites for the accumulation of gold particles. 

10. Glaciation does not preclude the occurrence of 
placers. 


Beach placers 

Beach placers can be subdivided into two categories — 
modern and fossil. They are formed by the winnowing action 
of waves, undertow and alongshore currents along present and 
past shorelines bordering lakes, seas and oceans where a 
source of primary gold has been available for concentration. 
Tidal movements and strong winds may accentuate the 
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concentrating processes in some places. Beach placers tend to 
form predominantly along rectilinear shorelines; few are 
known along markedly broken and rocky shores. The source 
of the gold may be in the rocks along the shores; in sediments 
deposited by streams upon the coast; and in slightly aurifer- 
ous stream or river terraces, sea terraces and gravel plains that 
border the coasts. 

The constituents of beach placers are essentially the same 


_as those in the alluvial category. Quartz pebbles and sand 


predominate, but on some beaches there may be considerable 
shingle composed of the pebbles and stones of the country 
rock of the adjacent region. Magnetite and ilmenite form the 
bulk of the heavy minerals in most deposits. Clay beds and 
hard pans are common in some beach deposits especially in 
those of a raised character. These may form false bottoms for 
pay streaks. Coquina accumulations may be present in some 
instances and may mark the lines along which the richest pay 
streaks occur in modern beach placers. In fossil beach placers 
coquina may be invaluable as marker horizons. 

_ Most of the gold in beach placers is fine grained and 
generally of high fineness, commonly greater than 900. The 
richest pay streaks usually follow the strand lines; most are a 
few inches to a few feet in thickness and generally only a few 
tens to several hundred feet in width (Figs. 88 and 89). Their 
continuity along the strandline is frequently erratic, and 
numerous cutouts are encountered. Elevation or depression of 
the land leads respectively to the formation of raised or deeply 
buried beach placers. 


Descriptions of typical auriferous alluvial and beach 
placers and districts 

Alluvial placers were the first type of gold deposits worked by 
man. Ancient Chinese and Hindu writings mention these 
deposits, and we have the story in Greek mythology of Jason, 
commander of the good ship Argo, who sought the Golden 
Fleece at Colchis in Asia Minor on the far shore of the Euxine 
(Black) Sea (Frontispiece). The metal gold also figures exten- 
sively in the Old Testament, and there are many allusions to 
its source in placers. Herodotus and Strabo, the Greek 
historian and geographer respectively, repeatedly mention the 
working of alluvial placers in Thrace, the Aegean Islands and 
Asia Minor. Pliny, writing at the beginning of our era, 
describes many of the Roman placer operations, which seem 
to have stretched from Asia Minor to Spain, France and 
Wales. In particular he mentions gold in the stream beds of 
the Tagus in Spain, the Po in Italy, the Hebrus in Thracia, the 
Pactolus in Asia Minor and the Ganges in India, the last 
probably from heresay. Pliny mentions booming and sluicing 
and collection of gold on ulex, a rough, prickly plant that was 
burned and the gold washed out of the ashes. In the Dark and 
Middle Ages some gold was won from the old placers of the 
Mediterranean area and western Europe, but by the time of 
the rediscovery of America by Columbus in 1492 nearly all of 
these placers were exhausted. 

When Columbus made his first landfall in the New 
World he found the natives in possession of gold, and later 
exploring in Hispaniola (Haiti) in 1493 on the second voyage 
he observed crude placer operations in the streams and rivers 
of the interior. In 1494 Alonso de Ojeda discovered the nich 











Cibao placers, and a year later Pablo Belvis arrived from 
Spain with a large quantity of mercury for amalgamation 
purposes. The first gold won was sent immediately to the King 
of Spain, who donated it to Pope Alexander VI in Rome 
where it was dedicated to the service of Christianity in the 
gilding of a cathedral dome. Thus began the auri sacra fares 
of the Spaniards in America that was to wreak such havoc on 
the natives and was also to introduce the Negro slave trade to 
the New World. The sordid story has been told many times 
and need not be repeated here; it is one of the black pages in 
the history of gold mining. 

A more pleasant story can be written about the great gold 
rushes of the last century. Alluvial gold gravels were worked 
in the Altai of Siberia as early as 1820, but some 9 years later 
extensive alluvial deposits were found in the Lena Basin, 
probably the largest alluvial gold deposits known. These 
discoveries led ultimately to the colonization of southern 
Siberia. These and other deposits in eastern Siberia are still 
worked extensively today. The great gold rush of 1849 to 
California can be said to have opened up the American west. 
The California gold rush was followed in 1851 by the Austra- 
lian rushes to New South Wales and Victoria, an impetus to 
mining that has kept Australia in the forefront of world 
mineral production ever since. The golden gravels of the 
Fraser River in British Columbia were known as far back as 
1852, but it was not until 1858 that the great stampede up the 
Fraser began ultimately in 1861 reaching Williams and Light- 
ning creeks in the Cariboo, the most celebrated of all gold 

in the province. Gold placers in the Yukon Basin were 
worked as early as 1880, but it was not until 1896, and 
perhaps 2 years earlier according to some accounts, that gold 
was discovered on the tributaries of the Klondike River. The 
great rush took place in 1897-1898 to Dawson — one of the 
greatest gold rushes in history and certainly the most colour- 
ful, made immortal by Robert W. Service in his novel The 
Trail of ’98, and in his poems, Songs of a Sourdough and 
Ballads of a Cheechako. 

Alluvial gold placers in streams and rivers have been the 
richest and of most interest to the prospector. But some beach 
placers have also caught his eye and have been extensively 
worked. Gold was discovered in Alaska as far back as 
1865-1866 and alluvial prospecting in the streams and rivers 
near Nome was in full swing in 1899, the year that gold was 
discovered on the beaches by a soldier and a prospector. 
There followed a frenzied digging and grubbing along the 
coast for many miles, more than one million dollars having 
been won by hand rockers in less than 2 months (Collier et ai., 
1908). 

The methods of the alluvial placer miner have changed 
much since Jason’s time. Originally, early man probably 
plucked by hand the heavy shining nuggets from the gravels of 
the streams. This is the stage at which Columbus and his 
mining engineers found some of the natives working the 
placers of Haiti. Later the gravels of the streams were stirred 
up by the workers using crude booming (hushing) operations 
and sluiced over the fleeces of sheep and goat pelts, the gold 

maining mainly trapped within the wool and goat’s hair. 
~~ This method is apparently still employed in some of the placer 
streams of Asia Minor, Afghanistan and Mongolia. Panning is 
an old technique certainly known to the ancients of the Old 
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World and the natives of Africa, who used the calabash 
(gourd) and the natives of Central and South America who 
employed the batea. The rocker and the sluice were known to 
the Greeks and Romans, and they were adept at booming 
(hushing) operations. The dry washer or dry blower has long 
been known to those who have sought gold under desert 
conditions. The water monitor-, bulldozer- and dragline-sluice 
Operations and the great mechanical dredges are modern 
mechanical adaptations of age-old techniques of ‘separating 
the gold from the dross. 


Gulch and creek placers 

Gulch and creek placers are common in nearly all placer 
districts of the world. They lie in the small valleys, guts and 
gulches that are tributary to the main stream systems of a 
district. Literally thousands of these deposits have been 
worked, nearly all in a smal] way. The main characteristics of 
these types of placers are: 

1. Most occur in moderately hilly country exhibiting the 
effects of protracted weathering and denudation. A few occur 
in regions of alpine topography, but these are generally 
marked by spotty pay streaks. 

2. The gradients of the present (and past) stream systems 
are moderate. 

3. The source of the gold and associated heavy minerals is 
generally close at hand, either at the heads of the guiches and 
creeks or along their valley sides. The source of the gold is 
commonly auriferous quartz veins or gold-bearing sulphide 
bodies; disseminated gold in quartz blows and stringers in the 
country rocks and in pyrite and other sulphides in graphitic 
shales and other rocks is the principal source in some 
instances. 

4. The heavy mineral constituents accompanying the gold 
are mainly those found in the primary gold deposits, in closely 
associated deposits or in the enclosing country rocks. 

5. The gold is usually coarse and commonly higher in 
fineness than that in the primary deposits. Large nuggets, 
wires and crystals are a feature, and nodules of vein quartz or 
sulphides with veinlets of gold or containing disseminated 
gold are common. 

6. The pay streaks are rich and generally on the bedrock 
or in the top few feet of the bedrock. Most pay streaks are 
well defined and fairly regular. False bottoms may occur but 
are not a common feature. 

7. The overburden covering the pay streaks is generally 
not deep except in depressed areas or where glacial deposits 
complicate the picture. 

Gulch and creek placers are common in the Yukon and a 
number occur in the Keno Hill-Galena Hill area. One in 
particular, Dublin Gulch, is typical and will serve as an 
example of what one might expect to encounter with gulch 
and creek placers the world over. 

The Dublin Gulch and Haggart Creek placers (Fig. 69), 
discovered and first worked in 1898, have been described in 
some detail by Keele (1905), Bostock in Little (1959), Boyle 
(1965a) and Boyle and Gleeson (1972). The topography is 
characterized by relatively low rounded hills and numerous 
small streams tributary to the main water courses. all marks of 
a deeply dissected upland. The bedrock of the area is folded 
and faulted quartzite, phyllite, graphitic schist. limestone and 
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quartz-mica schist of the Yukon Group intruded by a body of 
eranodionte and granite probably of Cretaceous age. Skarn, 
carrying scheelite, is developed in places near the granitic 
rocks. In addition there are numerous quartz stringers carry- 
ing wolframite and scheelite in the granitic rocks and their 
contact zone, a cassiterite-tourmaline lode and several north- 
east striking gold-bearing quartz-arsenopyrite-pyrite- 
sulphosalt veins. Primary vein material in these veins averages 
about 0.2 oz Au/ton and 1.5 oz Ag/ton. The gold is largely 
submicroscopic to microscopic and is mainly in the arsenopy- 
rite, pyrite and sulphosalts; only rarely is free gold seen in the 
quartz and sulphides. 

The country rocks and the gold-bearing veins are deeply 
weathered, the latter down to at least 20 ft. The stable 
minerals in the oxidized zones of the veins are mainly 
scorodite, limonite, residuals of pyrite and arsenopyrite and 
some anglesite and beudantite. Assays of the oxidized material 
are highly variable in gold content, ranging from 0.015 to 0.30 
oz Au/ton; the silver content is, likewise, highly variable 
averaging about 0.5 oz/ton. The gold in the oxidized zones 
consists of fine dust, small flakes and abundant wires. Some of 
the gold is closely associated with the scorodite and limonite 
and is probably in a chemically bound or adsorbed form. 
Most of the gold in the oxidized zones is about 850 fine, 
although there are marked differences from vein to vein. 

The area immediately around Dublin Gulch is beyond 
the limit of the last well-marked Pleistocene glaciation, but 
evidence of an eariy glacial incursion is present as witnessed 
by what seem to be remnants of weathered tills and also by 
the appearance in the placer concentrates of nodules of 
hematite (iron-formation), which probably came from the 
Snake River deposit in northern Mackenzie Mountains, Yu- 
kon. The streams in Dublin Gulch and Haggart Creek have 
entrenched parts of their courses in deep overburden forming 
terraces with old modified profiles. The exact nature of the 
Original profile in the lower part of Dublin Gulch is difficult 
to ascertain because of the extensive stirring and digging since 
1898. What appears to have been present at the surface was 
about 6 to 8 ft of gravels, schist particles, soil and granite 
boulders, probably mainly due to creep and slope wash. This 
was succeeded in places by 2 to 3 ft of bluish clay that overlay 
3 to 4 ft of yellowish (limonite coated) gravels and weathered 
debris. The last materials represent the detritus arising from 
deep secular weathering of the bedrock of the area and the 
contained deposits during a period of uplift in late Tertiary 
time. 

According to old reports fine colours of gold occurred in 
the surface materials where washed by the stream in the gulch. 
Most of the gold, however, is on the bedrock in the bottom 
foot or so of the lower gravels and weathered debris. The pay 
streak begins at Bawn Bay Gulch and continues with only a 
few breaks downstream. It is about 100 ft wide near the 
mouth of Dublin Gulch, narrowing gradually upstream. The 
grade is about 0.03 oz/yd. 

The gold is accompanied by scheelite (about | lb/yd’), 
some wolframite and a little cassiterite. In addition there are a 
number of other heavy minerals, including magnetite, hema- 
tite nodules (iron-formation), arsenopynte nodules, jamesonite 
nodules, bismuth, galenobismutite, rarely bismuth tellurides, 


pyrite, tourmaline and garnet. The gold is present as fine dust, 
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scales, rough wires and sprigs, occasional crystals and small 
nuggets ranging from pea size up to about the size of hickory 
nuts. Most of the nuggets are worn and pitted. The writer did 
not observe any free gold in the quartz or sulphide pebbles 
and so far as is known none of this type of gold has been 
reported. Mustart (1965), however, found angular arsenopynite 
fragments in some of the nuggets. The principal minor and 
trace metals in the gold are Ag, Cu, Fe, Hg, Bi and Sn. All of 
these occur in the deposits from which the gold came. The 
average fineness of the Dublin Gulch gold is about 900. 

The Dublin Gulch area provides an excellent example 
where gold can be traced from primary deposit to stream 
placer. The primary gold is mainly microscopic to submicro- 
scopic and associated with pyrite, arsenopyrite and sul- 
phosalts. Particles of gold greater than 100 pm are rare in the 
writer's experience. On the oxidation of the sulphides and 
sulphosalts the gold was released and formed flour or mustard 
gold in some cases, but there was also a nucleation and growth 
of gold on fine rough wires, flake and small nuggets in the 
oxidized zones. All of these types of gold passed gradually 
into the eluvium where they probably accreted more gold on 
their journey to the gulch. Here, they passed slowly down 
gradient, some particles possibly accreting more gold but most 
being rolled along and hammered by the pebbles of the mills 
of nature. The fineness has changed during the journey from 
oxidized zone to placers in Haggart Creek a distance of some 
3 mi. In the oxidized zones the fineness averages about 890; in 
Dublin Gulch 900 and in Haggart Creek 925. 


Stream and river placers 

The main features of these placers are discussed in some detail 
above. Briefly their characteristics are: (1) most occur in 
districts with a subdued topography marked by broad, often 
terraced, entrenched valleys developed in a terrain of rounded, 
deeply weathered hills; (2) the present (and past) gradients of 
the streams are moderate to low; (3) the pay streaks are 
generally not as rich as those in guiches and creeks, but they 
are longer, commonly wider and more uniform. Multiple pay 
streaks may occur at the same elevation or they may be 
stacked at different elevations. Most of the rich pay streaks 
are on the bedrock; (4) the gold is generally finer grained than 
that in creek and gulch gravels. Large nuggets are relatively 
rare in stream and river placers; (5) the fineness of the gold is 
usually higher than that in creek, guich and eluvial placers; (6) 
the overburden is commonly tens of feet to hundreds of feet 
deep; and (7) most stream and river placers are amenable to 
large scale hydraulicking and dredging operations. 

There are many famous districts where stream and river 
placers have been extensively worked. Some provide good 
examples and will be described briefly. They include the 
Klondike district in Yukon, the Cariboo and other districts in 
British Columbia, the Chaudiére and other areas in southeast- 
ern Quebec, the Sierra Nevada of California; the Choco in 
Columbia, the deep leads of Victoria, Australia, and the 
extensive placers of the Lena, Aldan, Amur and other drain- 
age systems in Siberia, U.S.S.R., Mongolia and northern 
China. 


Klondike district, Yukon. The stream and river placers of the 
Klondike district near Dawson, Yukon were discovered in 
1896 or earlier and have yielded some 10 million ounces, more 
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INTRODUCTION 


Gold is generally regarded as chemically inert at the earth's surface, and the movement of 
gold within sediments and soils has long been considered a mechanical process. However, there 
is evidence for the presence of mobile forms of gold in the surficial environment. Gold has been 
reported in the parts per billion (ppb) range in plants (Shacklette and others, 1970; Severson and 
others, 1986; Cohen and others, 1987; Jones and Peterson, 1989) and in the parts per trillion 
(ppt) range in surface waters (Gosling and others, 1971; McHugh, 1984), indicating that gold is 
chemically active under ambient temperature and neutral pH conditions (Lakin and others, 
1974). 


Concentrations of gold are most commonly reported as total gold in soils and sediments, 
and there is little quantitative information regarding the chemical forms of gold. This 
information is difficult to obtain because of the generally low concentration of gold in these 
materials. A sensitive analytical method is necessary to determine gold in a certain fraction of a @ 
sample, for example, gold associated with organic material. Partial, sequential extractions are 
commonly used to determine the mode of occurrence of transition metals (Chao, 1984). Few 
such extractions are useful for determining gold's modes of occurrence, however, due to the 
unique properties of gold such as its ionic instability in most solutions. Therefore, controversy 
still exists over the most common forms of gold, other than elemental, in the surficial 
environment. 


An understanding of gold's geochemistry and mobility in the weathering zone is 
important to the interpretation of geochemical and biogeochemical surveys. The placement and 
extent of a geochemical or biogeochemical gold anomaly is strongly influenced by the mobility 
of gold in a given environment. Knowledge of the chemical behavior of gold at ambient 
temperatures should be considered essential to the design and evaluation of an exploration 
survey. 


One problem that has plagued both gold exploration and analysis is the "nugget effect." 
This is the tendency of gold to be present as a few particles in a large amount of matrix. The 
nugget effect may be minimized by taking very large samples in order to accurately represent the 
sampled population. By sampling plants or decayed plant material in which gold would not be 
expected to occur as nuggets, it may be possible to identify gold anomalies more accurately. 
However, the implementation of a biogeochemical survey requires an extensive knowledge of 
the factors that influence the gold content of a plant and its relationship to the gold content of the : 
substrate. ¢ | 


A placer gold mining operation in the Tolovana gold district of central Alaska was 
chosen as a study area to investigate the behavior of gold in the surficial environment. Ina 
preliminary study by Severson and others (1986) on Lillian Creek, several species of plants in 
this area including labrador tea, alder, and birch, were found to contain anomalously high levels 
of gold. In the same study, water-extracts of soil samples yielded measurable amounts of gold in 
the low ppb range. This work suggested that the Lillian Creek gold placer deposit would be an 
appropriate study area to investigate the mobility of gold in the weathering environment. 


Soil and plant samples were collected during the summer of 1988. The samples were 
analyzed for a variety of chemical constituents in order to determine the distribution, and to 
some extent, mode of occurrence of gold in natural materials at the placer. Gold in plants and 
water-extracts of soils are used as a measure of gold activity (Lakin and others, 1974). The 
abundance and distribution of potential gold-mobilizing agents in the soils, as well as other 
elements associated with gold in these types of deposits, such as arsenic and antimony, were also 
investigated. In addition to the analysis of samples from the study site, controlled dissolution 
experiments were performed in the laboratory to investigate gold's behavior in the surface 
environment. 


The objectives of this study were: (1) to describe the distribution of gold in the soil and 
two species of native plants; (2) to confirm the existence of mobile forms of gold in the surficial 
material; and, (3) to suggest probable agents of gold mobilization using the results of both 
observational and experimental studies. 


GOLD GEOCHEMISTRY AND BIOGEOCHEMISTRY 
Gold and Inorganic Ligands 


Observing gold in soil solutions raises the question of gold mobility in the weathering 
zone. Due to their high oxidation potentials, the simple ionic forms of gold, Au(]) (+1.68 volts) 
and Au(III) (+1.50 volts), are not stable in water (Ong and Swanson, 1969). Therefore, gold 
must be transported as a complex ion or ion pair. To forma complex, gold must first be 
oxidized to a simple ion, and the strength of the oxidizing agent necessary is dependent upon the 
stability of gold complex being formed. Lakin and others (1974) have reviewed the stable 
complexes of gold at 25 °C with a number of inorganic ligands such as chloride, bromide, 
iodide, cyanide, thiocyanate, and thiosulfate. 


Gold is a type B metal ion (""soft" acid) and is therefore more likely to bind to a type B 
ligand ("soft" base) according to the general rules by Pearson (1973). Although these rules are 
largely empirical, there is a theoretical basis for the observation: hard acids and bases have a 
tendency to form bonds that are more ionic in nature, whereas soft acids and bases generally 
form covalent bonds (Huheey, 1983). Arranged in the order of increasing softness and stability 
of gold complexes formed, some potential, inorganic gold complexing ligands include (from 
Renders and Seward, 1989): 





Cl- < Br- < SCN- <1 -< §203- <CN- 


At ambient temperatures, atmospheric oxygen is an adequate oxidizing agent for the 
formation of gold cyanide (Lakin and others, 1974), but a stronger oxidizing agent, such as 
manganese dioxide, is required for the formation of gold chloride (Krauskopf, 1951). Lakin and 
others (1974) reviewed these inorganic ligands and stated that in an oxidizing environment 
where pH values range from 5 to 8, only thiosulfate, thiocyanate, and cyanide ions are likely to 
complex with gold. 


Gold chloride complexes are cited by Helgeson and Garrels (1968) as the most important 
inorganic gold-complexing agent in natural aqueous solutions. However, the solubility of gold 
in the presence of chloride drops sharply with decreasing temperature (Henley, 1973). In view 
of this temperature dependency and the requirement of a strong oxidizing agent to form gold 
chloride complexes, except under unusual conditions, these complexes can be expected to play a 
limited role in gold mobility in the surficial environment. Bromide and iodide complexes of 
gold are more stable than chloride complexes (Lakin and others, 1974), but bromine and iodine 
are much less abundant than chloride in soil. According to Vinogradov (1959), the average soil 
concentration of both bromine and iodine is 5 parts per million (ppm), compared with 100 ppm 
for chlorine. Base metals such as copper and iron form more stable complexes with bromide and 
iodide than does gold, and will therefore be competitors for the limited amounts of bromide and 
iodide present in soils and sediments (Lakin and others, 1974). Except in unusual 
circumstances, bromide and iodide are unlikely gold complexing agents in the weathering zone. 


Several anionic sulfur compounds are potential complexing agents for the transport of 
gold at 25 °C. Seward (1973, 1982) reported Au(HS)2- to be a stable complex at near-neutral 
pH values under reducing conditions. However, the weathering zone is generally oxidizing and 
the thiosulfate ion is more likely to complex gold than biosulfide. Webster (1986) stated that — 
thiosulfate would be relatively stable under the mildly oxidizing conditions present in the 
phreatic zone, whereas sulfate would be the dominant sulfur species in the more oxidized soils 
above the water table. The tendency of sulfur to oxidize to sulfate in the soil limits the 
abundance of compounds such as thiosulfate, which contains sulfur in an intermediate oxidation 
state. The oxidation of sulfides was shown by Goldhaber (1983) to yield thiosulfate at pH 
values above 7. Under weakly acidic conditions, thiosulfate was either not formed, or it was 
oxidized to tetrathionate before it could be detected. Lakin and others (1974) cited both a lack 
of stability and abundance of this compound as the limiting factors in thiosulfate's gold- 
mobilizing capabilities. However, considering the relative stability of gold thiosulfate 
compounds, the possibility of gold transport as a mobile complex with thiosulfate should not be 
discounted, especially in neutral to alkaline soils with high sulfur concentrations. 


Cyanide forms very stable complexes with gold and is a likely agent of gold mobilization 
in the soil environment (Lakin and others, 1974; Warren, 1982). Shacklette and others (1970) 
showed that gold cyanide complexes are readily absorbed by plants. However, because cyanide 


is dependent upon cyanogenic plants and microorganisms for its synthesis, cyanide is not 
ubiquitous in soils and sediments. The tendency of cyanide to hydrolize also limits its 
concentration in soils (Lakin and others, 1974). 


Thiocyanate has also been found to form stable gold complexes, but it is readily oxidized 
by the soil bacteria Thiobacillus thiocyanoxidans and, probably is also limited in its abundance 
in surficial environments (Lakin and others, 1974). 


Gold and Soil Organic Matter 


The affinity of metals for organic material is well known. High concentrations of metals 
are often found in organic-rich deposits such as coal and carbonaceous shales. The association 
of gold with organic material has been noted both in hydrothermal gold deposits (Levitskiy and 
others, 1983) and in the Witwatersrand paleoplacer (Dexter-Dyer Grosovsky, 1983). Gold is 
known to form a number of complexes with organic compounds (Johnson and Davis, 1973), 
some of which may have an influence on gold mobility in the soil environment (Boyle, 1979). 


Humic substances are often defined as the soil organic matter which cannot be classified 
as discrete organic compounds such as amino acids, carbohydrates, or lipids (Stevenson, 1982). 
Humic substances are defined by Schnitzer (1978) as "dark colored, acidic, predominantly 
aromatic, hydrophilic, chemically complex, polyelectrolyte-like materials that range in 
molecular weights from a few hundred to several thousand.” Humic substances are broken down 
into three main categories: humic acids, fulvic acids, and humin. These substances are 
operationally defined based on their relative solubility in dilute acid and base. Humic acids are 
alkali soluble, but acid insoluble; fulvic acids are both acid and alkali soluble; and humin is both 
acid and alkali insoluble (Schnitzer, 1978). Many other properties separate fulvic acids from 
humic acids: fulvic acids are lighter in color, have a lower molecular weight, contain less 


- carbon and more oxygen, and have more exchange sites per unit weight relative to humic acids 


(Stevenson, 1982). The greater solubility and exchange capacity make fulvic acid the primary 
focus of the experimental portion of this study. 


Humic acids are thought to play an important role in controlling the availability of both 
nutrients and toxic substances to plants (Schnitzer, 1978; Stevenson, 1982). Humic acids have 
also been shown to form strong complexes with base metals, such as copper and iron (Van Dijk, 
1971). The ability of humic acids to complex or adsorb gold has been postulated and not proven 
conclusively. Curtin and others (1970) demonstrated that gold concentrations in organic 
material leachates to be roughly proportional to color; that is, the darker the leachate, the higher 
the gold content. Because soil organic matter is credited for imparting a dark color to soils and 
waters, this observation implies an association between gold and organic substances in gold- 
bearing soils. Baker (1978) was able to measure up to 330 ppb gold in solution after exposing 
particulate gold to solutions of humic acid. This represents an enrichment of several thousand 
times the amount of gold usually found in natural waters (McHugh, 1984). Other authors have 
cited humic and (or) fulvic acids as possible complexing agents for gold (Freise, 1931; Rashid 
and Leonard, 1973; Baker, 1978; Boyle, 1979; Fedoseyeva and others, 1985; Severson and 
others, 1986; Jones and Peterson, 1989). The results of other studies have not always supported 
the ability of humic substances to complex gold (Fetzer, 1934; Andrade and others, 1988). Ong 
and Swanson (1969) suggested that humic acids do not form chemical complexes with gold but 


instead form a protective, hydrophilic coating around gold colloids, allowing the gold to remain 
in suspension. 


Gold in Plants 


Although there are many reports of anomalous levels of gold in plants, very little is 
known about the physiological processes that control the uptake of gold by vegetation. 
Controlling factors may include the age and growth rate of a plant, the type of plant tissue of the 
plant, for example, stems versus leaves, and the uptake physiology of the plant (Berry, 1986). 
The "uptake physiology" refers to the ability of a plant to exclude, accumulate, or passively 
adsorb a given element, and is dependent both on the species of plant and the element's 
concentration in the soil. All of these factors should be taken into account before implementing, 
and especially interpreting, a biogeochemical survey. Many soil factors also influence elemental 
abundance in plants. Thornton (1986) cited drainage conditions, pH, chelating agents in the soil, 
antagonistic and synergistic effects of other elements, and the effects of soil microorganisms 
(which are poorly understood), as soil factors affecting the uptake of metals by plants. 


In a comprehensive study of the ability of plants to absorb various forms of gold, 
Shacklette and others (1970) concluded that impatiens (Impatiens holstii) and garden balsam 
(Impatiens balsamina) are unable to assimilate colloidal gold. This study, which measured the 
movement of radioactive gold (Au!%*) through these two plants, tested the ability of both rooted 
and cut plants to assimilate gold as a complex with chloride, cyanide, bromide, iodide, 
thiosulfate, and thiocyanate, as well as two different sizes of gold colloids (<0.05 pm and 0.05- 
0.45 pm). Autoradiographs of the leaves of cut and rooted plants showed that radioactive gold 
from the colloidal mixtures was not transported to the leaves. The plants with intact roots were 
able to transport radioactive gold to their leaves from all but the gold chloride and thiosulfate 
solutions. The leaves of plant cuttings were found to absorb Au!% from all of the solutions 
tested. Only the radioactive gold content of the leaves was investigated in this experiment. 
Therefore, the amount of gold assimilated by other parts of the plants is unknown. 


A similar experiment was performed using nonradioactive gold to determine if the plants 
would preferentially assimilate Au!” from the various solutions (Shacklette and others, 1970). 
Analysis of stems and leaves by atomic absorption spectroscopy showed that gold was absorbed 
by plants from all of the solutions in varying amounts. These results suggest either that Au!% is 
not as readily absorbed as Au!%”, which is unlikely, or that certain solutions of gold are 
sequestered in the stems and are not transported to the leaves in appreciable amounts. However, 
autoradiographs of Au!98 may not be as sensitive in detecting gold as atomic absorption 
spectroscopy. This experiment did not investigate the absorption of nonradioactive colloidal 
gold by plants, and therefore the ability of plants to absorb small colloids of Au!” remains in 
question. 


The uptake of many metals, including gold, by three species of conifers was investigated 
by King and others (1984). In this study, lodgepole pine, douglas fir, and engelmann spruce 
seedlings were planted in pots containing soil and characteristic ore minerals of various types of 
ore deposits. These seedlings, along with a control group planted only in soil, were moved to a 
coniferous forest in Jefferson County, Colorado. The pots were placed in the ground so that the 
surface of the soil in the pots was approximately even with the ground surface. The seedlings 








were allowed to grow under natural conditions for seven years. They were then removed from 
the plot and analyzed for various metals. The results showed that many metals from the ore 
minerals had been assimilated by the plants. Gold, which was supplied to the plants as gold foil, 
was found in the ppm range in the ash of roots, leaves, and stems of some of the plants. The 
highest concentrations of gold were generally found in the roots, but the authors speculate that 
this may be due to contamination by mineral matter on the outer surfaces of the roots. The 
findings of this study are significant because they show that metallic gold in the soil may be 
converted to a form that is available to plants in a relatively short time. 


FIELD STUDY 
Location 


The field study area is located within the Lillian Creek drainage (T. 8 N. R. 5 W., sec. 
22) which runs east to west approximately 1.5 km south of Livengood, Alaska. Livengood is 
located approximately 90 km north-northwest of Fairbanks, Alaska (fig. 1a). 


Climate and Topography 


The study area is located within the Yukon-Tanana uplands in the interior basin of 
Alaska where the climate is semiarid, subarctic (Mertie, 1937). The mean annual temperature of 
Fairbanks is -3.4 °C, and ranges from -54.4 °C to 33.9 °C. Annual precipitation in Fairbanks is 
8.7 centimeters, most of which falls in the summer months (Hare and Hay, 1974). 


The topography of the area is well described by Mertie (1918): 


(p. 222) The Tolovana district is part of the Yukon-Tanana upland. Its 
topography is characterized by broad, even-topped ridges, which rise to a general 
elevation of 2,000 feet or higher and from which long, gently sloping spurs 
descend to the valley floors. 


(p. 229) The ridge-tops in the Yukon-Tanana region as a whole are probably the 
dissected remnants of an old peneplain, in the widest sense of that term...more or 
less uniform in elevation but sloping shieldlike to the major drainage channels. 


The Yukon-Tanana region is located within the zone of discontinuous permafrost (Péwé, 
1975). Permafrost areas were noted in the study area, especially on the north sides of the 
drainages. The south-facing side of the Lillian Creek drainage is less steep than the north-facing 
side, due to the thawing and solifluction of the unconsolidated material on the south-facing 
slopes. 


Vegetation 


Livengood is located within the interior spruce and birch forest region, consisting chiefly 
of white and black spruce, birch, poplar, and aspen (Sigafoos, 1958). Timberline in the Yukon- 
Tanana area is 758 m (2,500 ft) above sea level (Mertie, 1937), but trees may be absent to 


DISCUSSION 





Geochemical and Biogeochemical Anomalies 


The analytical results for soil total element concentration are given in tables 5 and 6. The 
distribution of gold, arsenic, and antimony in the soils supports the presence of bedrock 
mineralization in the upper portion of the drainage (Mertie, 1918; Foster, 1969; Eakins, 1974). 
Most of the high values for these elements occur upstream of sample site 4, with the exception of 
sample 7-20+, which contains high concentrations of all three of these elements. The 
arsenopyrite-quartz vein which was found to contain 90 ppm gold runs roughly perpendicular to 
the drainage near sample site 3 (fig. 1) and may account for some of the high Au and As values 
found in soils there. The highest antimony values are centered around sampling sites 2a and 2b. 


The distribution of base metals, particularly chromium, nickle, zinc, copper, and iron, in 
the soil also support the presence of mineralization in the Tertiary intrusions in the upper reaches 
of the drainage (sites 1-4), particularly in the vicinity of sites 2a and 2b. 


The pattern of gold, arsenic, and antimony concentrations in plants from the Lillian 
Creek drainage, like the soil anomalies for these same elements, support the presence of bedrock 
mineralization in the upper part of the drainage. Only one plant sample was found to be a * gold 
accumulator,” that is, the plant is capable of absorbing gold in amounts greater than those 
present in the substrate (Berry, 1986). The labrador tea collected at site 3 contained greater than 
an order of magnitude more gold than any of the soil samples collected at that site (3,700 ppb vs 
100 ppb). One possible explanation for the extremely high amount of gold found in this plant 
sample is the presence of the arsenopyrite-stibnite-quartz vein in the vicinity of site 3. Another @ 
factor which may have caused the absorption of elevated levels of gold by this plant may be the 
apparently slow growth rate of the plants at this north-facing sample site (Berry, 1986) or from 
the unusually high metal content of the soil. This sample site is unlike all of the others in that it 
is more "tundra-like" in its characteristics. There are few trees, and the vegetation is dominated 
by low-growing species, such as mosses, lichens, and blueberries. The alders and labrador tea 
present at this site appear stunted, and it took many individual plants to make up an adequate 
sample. A slow growth rate may contribute to elevated metal content in plants because a plant 
may continue to absorb metals over the same period of time, even though it is growing slowly 
and has a smaller mass (Berry, 1986). Increased ice activity on the north-facing side of the 
valley results in poor drainage which may also be a factor in determining the metal content of 
plants. Poorly drained soils contribute to higher levels of metals in plants (Thornton, 1986). 
Watterson (1985) speculated that mobilization of gold may be increased by the concentration of 
soil components such as gases, organic acids, and mircoorganisms into the bound water during 
freezing. Theoretically, this effect may also contribute to the elevated levels of gold in plants, 
such as that observed in the labrador tea collected at site 3. 





The alder collected at this site also contained a relatively high level of gold (3.1 ppb), but 
was not found to be a gold accumulator. Differences in gold contents between labrador tea and 
alder are probably accountable for by differences in uptake physiology. 


Although the metal contents of plants and soil at a given site are not directly related, data © | 
from both types of samples indicate the presence of mineralization. Soil anomalies should be 
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displaced downslope from the site of mineralization through slumping and solifluction, and plant 
anomalies may be even further displaced through fluid flow. This may explain the extension of 
the plant gold anomaly from site 1 down to and including site 4, even though the soil gold 
anomaly is concentrated on sites 1, 2, and 3. 


The Role of Inorganic Ligands 


The low concentration of chloride in the surficial material suggests that it does not play a 
large role in the gold cycle in the Lillian Creek drainage. In addition, the pH of the soil is 
generally too high for the formation of significant amounts of gold chloride complexes. There is 
little correlation between chloride content of the soils and concentrations of water-extractable 
gold or gold in plants. Keeping in mind that water-extractable gold and plant gold are indicators 
of gold mobility, this relationship suggests that chloride is not closely linked to gold 
mobilization in the study area. These findings effectively eliminate chloride as an important part 
of the gold cycle in the study area. 


Sulfur may be present in the soil in many forms, but generally will be oxidized to sulfate 
in the vadose zone. For this study, only the total sulfur content of the surficial material was 
determined, as the original sulfur compounds were most likely altered by sample preparation. 
The low total sulfur values suggest that thiosulfate is not likely to be an agent of gold 
mobilization in this area. In addition, the pH of the soil, which was generally below seven, 
indicates that thiosulfate would not be an intermediate product of sulfide oxidation (Goldhaber, 
1983). A graph of total sulfur versus organic carbon shows a strong association with the organic 
fraction in the soil (fig. 6). This correlation implies that the sulfur in the soil is present mostly as 
organic compounds, as is expected in a noncalcareous soil (Biederbeck, 1978), and not as 
inorganic species such as thiosulfate. The chemical evidence does not support thiosulfate as a 
probable gold complexing agent under the conditions present in the Lillian Creek drainage. 


Neither labrador tea nor alder is cyanogenic (cyanide-producing), and none of the other 
species of plants native to the study area are known to be cyanogenic (Severson and others, 
1986). Cyanide was not detected in the soil samples by either of the methods used. Therefore, it 
is unlikely that cyanide plays a role in the mobilization of gold in the Lillian Creek drainage. 


Distribution of Gold in the Soil 


Water-extractable gold was more often detected in soil samples from the C-horizon than 
in those from the 0-horizon. This may be due to the leaching of relatively mobile forms of gold 
from the upper soil horizons into the lower soil horizons. Alternatively, it could be due to the 
presence of a greater abundance of gold-mobilizing agents in the C-horizon, or the adsorption of 


- gold onto insoluble organic material in the 0-horizon. 


The low quantity of water-extractable gold in the soils suggests that gold is not highly 
mobile under the current conditions present in the Lillian Creek drainage. However, the high 
levels of gold in some of the plants show that it is available. This discrepancy may be due to the 
uptake of gold by plants in some form that is not readily water-extractable. As the study by 
King and others (1984) and the experimental portion of this study demonstrates, even elemental 
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Figure 6.--Diagram showing the relationship between total sulfur and organic carbon in soil 
samples collected from Lillian Creek, Alaska. @ | 
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gold can be made available to plants after a relatively brief exposure to moderately oxidizing 
conditions. Plants may absorb nutrients through a cation exchange process whereby they 
produce hydrogen to exchange with nutrients bound to particles in the soils (Malyuga, 1964; 
Brooks, 1983). These nutrients may not otherwise be available in the soil solution. Another 
reason for this discrepancy may be the incomplete recovery of water-extractable gold due to the 
readsorption of gold released during the extraction onto mineral and organic surfaces. 


The gold which was measured in the water extracts may have been present in the soil in a 
variety of forms. These include colloids less than 0.45 pm, weakly adsorbed cations, or soluble 
complexes. The results of this study suggest that any soluble gold complexes are more likely to 
be organic than inorganic, due to a lack of inorganic ligands in the soil. The levels of loosely 
bound gold in the samples tested were approximately in the same range as water-extractable gold 
(0-10 ppb), and the two extractions may be identifying the same form or forms of gold. The 
water extraction was allowed to proceed overnight, however, while the ammonium acetate 
extraction was accomplished in two hours. Slight differences between the two data sets may 
have been caused by a lack of equilibration of the samples with the ammonium acetate. 


A significant amount of gold is apparently associated with the organic fraction of the 
soil, present either as organic complexes or as cations adsorbed onto organic surfaces. The ratio 
of organic-associated gold to total gold decreases as total gold increases (fig. 7). There is little 
correlation between organic-bound gold and organic carbon in the soil. These observations 
suggest that the organic-bound gold is not in equilibrium with either elemental gold or organic 
material in the soil, and that the adsorption or complexation of gold by organics is controlled by 
nonequilibrium processes. Given the chemical stability of gold and the relative abundance of 
organic ligands in the soil, it is reasonable to assume that the oxidation of gold is the rate- 
controlling factor, and that organic ligands are always present in excess. It could be postulated 
that, given an infinite amount of time, equilibrium will be reached and the relationship between 
organic gold and total gold will be linear. 


There is little correlation between organic-bound gold and water-extractable gold. This 
observation implies that, although a significant amount of organic-associated gold exists in the 
soil (up to 150 ppb), it is not highly mobile. It may be hypothesized that gold in this form is 
associated primarily with an insoluble organic fraction of the soil, such as the humin. If the 
organic-bound gold is sparingly soluble, it is possible that it may account for some of the gold 
measured in the water extracts. 


The water-extractable organic carbon content of the soil parallels total organic carbon, 
and shows little correlation to water-extractable gold (table 6). These relationships neither 
support nor disprove the existence of soluble organic-gold species in the surficial material of the 
study area, and can be explained by either a lack of soluble organic-gold compounds in the soil 
or a disequilibrium relationship between dissolved organic carbon and gold, as was suggested for 
total carbon and gold. 
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Figure 7.--Diagram showing the relationship between organic-bound gold and total gold in soils 
collected from Lillian Creek, Alaska. © | 
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Elemental Gold 


The presence of crystalline gold in placer deposits has been used as evidence of the 
precipitation of gold from soil solutions at low temperatures (Warren, 1982; Severson and 
others, 1986). Many of the crystals from the Lillian Creek placer deposit observed in this study 
are very delicate and euhedral, and it is difficult to envision their deposition through physical 
displacement downstream without obvious damage. However, the crystals themselves cannot 
definitively indicate a chemical origin of some of the gold in the placer: the gold may escape 
deformation by weathering out of the rock very near to the place of its deposition, or through 
deposition by the slow process of solifluction (Severson and others, 1986). 


Wilson (1984) documented the presence of euhedral “pseudo-trigonal” crystals in 
Western Australia which he stated were precipitated by groundwater in weathered mafic schists. 
These pseudo-trigonal crystals are crystallographically the same as the flattened octahedra which 
are found in the Lillian Creek placer deposits (fig. 3b). Trigonal and hexagonal crystals of 
supergene gold were noted in the weathering zone of the Fazenda Brasileiro deposit in Bahia, 
Brazil (Vasconcelos, 1987), as well as the Hannan South gold mine in Western Australia 
(Lawrence, 1988). Such crystals have also been formed experimentally by the reduction of 
dilute auric chloride solution at relatively low temperatures (99.5 °C) (Suito and Uyeda, 1953). 
Perhaps this morphology is typical of gold precipitated from low temperature aqueous solutions. 


The striated and porous surface textures of some gold particles from the placer may be 
indicators of gold dissolution under conditions present in the surficial material of the placer. 
Severson and others (1986) found gold crystals from the Lillian Creek drainage with surface 
textures similar to the striated gold in figure 4c, and suggested that chemical etching may be the 
cause of this texture. The formation of the porous texture may also be the result of preferential 
leaching of silver from the nuggets as they weather, leaving a pitted surface (Mann, 1984). 


The placer gold is of high fineness, containing less than 7.5 percent silver and quartz 
combined. Two of the samples contained greater than 97 percent gold. The nuggets from the 
placer exhibit the broadest range of chemical compositions, and may indicate that they are in 
various stages of weathering and, consequently, silver depletion (fig. 8) or from different 
sources. The compositions of the crystalline placer gold and the vein gold are similar and may 
suggest a common origin for both types of gold, but only two placer crystals were analyzed. 
The lower analytical totals of the vein gold may indicate the presence of an undetected element. 


Factors Influencing Gold Uptake by Plants 


| Using the Spearman's rank correlation coefficient, several statistically significant 

correlations were found between plant and soil data. Due to the diverse nature of the surficial 
material in the placer, and the uncertainty of its origin, only correlations with the locally formed 
0-horizon will be discussed. 


Gold in labrador tea has a good positive correlation with the amount of organic carbon in 
the 0-horizon (fig. 9), as well as a negative correlation with pH. This relationship may be due to 
the formation of a gold complex, organic or inorganic, which is available to labrador tea under 
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Figure 8.--Diagram showing the relationship between silver and gold for crystalline placer gold, 
placer nuggets, and vein gold from the Lillian Creek area, Alaska. , | © | 
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Figure 9.--Diagram showing the relationship between gold in labrador tea and organic carbon in 
the soil 0-horizon from Lillian Creek, Alaska. 
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the acidic conditions brought about by the presence of organic material. Because little 
correlation was found to exist between organic carbon and organic-bound gold in the soil, the 
relationship between plant gold and organic carbon probably is not due to the uptake of an 
organic-gold compound by labrador tea. There is no direct indication that the labrador tea is 
absorbing organic or inorganic gold species. 


Most of the sampling sites which yielded the only two alder samples with high levels of 
gold, sites 3 and 4, but not 5, also yield 0-horizon soil samples (3-0-4, 4-0-4, 5b-0-2) which 
contain water-extractable gold (fig. 10). This relationship suggests that gold must be in a 
relatively more mobile form to be absorbed by alders than by labrador tea. This hypothesis is 
Supported by the lower gold content of the alders as compared to the labrador tea, as the levels of 
water-extractable gold in the soil is generally low. 


Significance of Experimental Results 


The first experiment indicates that gold can be mobilized, albeit in small amounts, by 
fulvic acid in the absence of a strong oxidizing agent. It is not clear, however, whether gold is 
present as a true organometallic complex or as a protected colloid, as suggested by Ong and 
Swanson (1969), or in some other form. However, the oxidation of the gold must be achieved in 
any case, and as previously stated, the strength of the oxidizing agent necessary to accomplish 
this is dependent upon the stability of the gold compound formed (Lakin and others, 1974). The 
lack of strong oxidizing agent in the fulvic acid solution suggests that a relatively stable gold 
compound is being formed. 


The chloride solution failed to dissolve a significant amount of gold in the first 
experiment; however, the pH of this solution was two pH units higher than that of the fulvic acid 
solution which would have a marked effect on the stability of gold chloride. 


Although only 1 ppb gold was detected in the plant root exudate solution, the relatively 
high amount of gold in the various parts of the horsetail indicates that the solution was able to 
mobilize gold in some form. Cannon and others (1968) reported generally low values of gold in 
the ash of horsetail growing in mineralized areas, but they analyzed only the above-ground part 
of the plants. This study shows that the major concentration of gold in horsetail is located in the 
roots. Due to the difficulty of removing soil contamination from the roots, however, most 
biogeochemical surveys do not utilize plant roots. 


The results of this experiment may be significant to the understanding of the uptake of 
gold by plants because it shows that gold may be dissolved and assimilated by plants in an 
oxidizing, organic system in a short period of time. This is in agreement with the findings of 
King and others (1984). 


The results of the first experiment were believed to represent minimum values for gold 
dissolution in the natural environment because the single flakes of gold had limited surface area. 
In addition, the solubility of pure gold is generally lower than that of the gold-silver alloy which 
is usually found in nature. However, the gold content in the fulvic acid solution from the second 
experiment was even lower than in the first. Although the decrease in concentration of the fulvic 
acid solutions in the second experiment could account for some decrease in the amount of gold 
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Figure 10.--Diagram showing the relationship between gold in alders and water-extractable gold 
@ in the soil 0-horizon at each sample site from Lillian Creek, Alaska. 





mobilized, the increased surface area of the metallic gold would be expected to cause a much C 
greater increase in gold dissolution. 


One explanation for the greater amount of gold in the fulvic acid solution in the first 
experiment as compared to the second experiment is the presence of microbial activity in the 
solutions of the first experiment. It is possible that microbial activity in some way catalyzes the 
dissolution reaction, or oxidizes the gold, an essential step in the dissolution of gold. Both 
microbes and their products are capable of oxidizing metals in a variety of forms and by many 
mechanisms (Ehrlich, 1986), and it is reasonable that these processes may affect gold similarly. 
Once the gold is oxidized, however, a suitable "sink" must be available for the gold cations as 
gold is very unstable in ionic form. If the ionic gold forms complex with fulvic acid or 
microbial metabolites, or is adsorbed onto the surface of organic colloids or microorganisms 
(Watterson and others, 1985), it may be measured in solution. 


The dissolution and uptake of gold by the horsetail may also have been significantly 
aided by the presence of microorganisms. The products of the plant roots and microorganisms 
were the only substances available to dissolve gold in the distilled water in which the horsetail 
were growing. This implies that microorganisms and root exudates are sufficient to initiate the 
uptake of gold by plants where metallic gold comes into contact with the plant-root 
microenvironment. Although it is not possible to determine the form of the gold in the fulvic 
acid or root exudate solutions, there is a limited number of components in each system. It 
appears from these experiments as if microbial products and (or) processes play a role in gold 
dissolution in the low temperature organic environment. 





The second experiment shows that thiosulphate is able to dissolve significant amounts of 
gold in the absence of strong oxidizing agents and microbial activity. The decrease of gold in 
solution over time is probably due to the oxidation of the thiosulfate. The greater amount of gold 
in the pH 6 thiosulphate solution as compared to the pH 3 solution illustrates the greater stability 
of gold thiosulfate complexes at higher pH values (Goldhaber, 1983). However, the presence of 
gold in solution is great enough in either case to make thiosulphate a viable gold-mobilizing 
agent in any soil environment where it is available, even in small amounts. More investigations 
into the availability of thiosulphate in the study area must be conducted. 


CONCLUSIONS 


The geochemical and biogeochemical data identify an area of high gold concentration in 
the upper part of the Lillian Creek drainage. Other elements, particularly arsenic and some of 
the base metals, follow this distribution. These data support the hypothesis that the 
mineralization which is the source of the placer gold is localized at the head of the drainage. 


The results of this study show that gold in the soil is not present entirely as the metal. An 
organic-bound form of gold accounts for more than half of the total gold in some soil samples. 
Although its exact nature is unknown, the organic-associated gold may be complexed with 
organic compounds or strongly adsorbed onto organic surfaces. This form of gold is not readily 
water-extractable, which implies that it is not highly mobile. It may be associated with humin, Cc | 
the insoluble organic fraction of the soil. 
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Small concentrations of water-extractable gold were found in the soil samples, 
suggesting that gold is being mobilized in the weathering zone. The form of this mobile gold is 
unknown, but this study has eliminated a few of the potential gold complexing agents. The data 
indicate that chlonde and cyanide are not important in the cycling of gold in this environment. 
Although thiosulfate was shown by the experimental study to be an effective gold dissolving 
agent, it is not likely to be present in appreciable quantities in the slightly acidic soil of the 
placer deposit. Possible forms of the water-extractable gold include small colloids, ooeely 
adsorbed ions, and soluble organic complexes. 


Many of the plant samples taken from the Lillian Creek drainage were found to contain 
elevated levels of gold, even though very little water-extractable gold is present in the soils. 
This suggests that gold does not have to be highly mobile in order to be available to plants. The 
two species sampled, labrador tea and alder, were found to assimilate gold in different quantities, 
as might be expected due to differences in uptake physiology between the species. Correlations 
with the soil chemistry suggest that each species may assimilate a different form of gold. In this 
study, labrador tea consistently takes up more gold and arsenic than the alders, making it a more 
favorable target for biogeochemical gold prospecting. 


Dissolution experiments suggest that microbial activity may be important in the 
mobilization of gold in the weathering zone. These experiments also showed that, given a short 
_ amount of time, plants may assimilate gold from a metallic source in the absence of any 
complexing agents other than those produced by the plant and (or) microorganisms. The precise 
role that is played by microorganisms or their products in either case is yet unknown, but may 
involve catalyzing the dissolution reaction, or aiding in the oxidation of the gold. The 
microorganisms or their products may be able to bind the gold, thus keeping it in solution. 


Although more work must be done to identify exact processes affecting the geochemistry 
of gold in the soil environment, the field and experimental studies suggest that organic material 
and biological processes are important in the gold cycle. 
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Geological Features of Alluvial Placers 
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Abstract 


Alluvial placer deposits may be divided into autochthonous and allochthonous subtypes. 
Autochthonous placers contain large heavy mireral grains that are practically immovable 
by streams and thus occur adjacent to primary ore deposits. Rich “bottom” autoch- 
thonous placers accumulate during many stages of river development and are concen- 
trated at the base of the alluvium or in the crevices of its bedrock. Smaller and poorer 
“above-bottom” autochthonous placers are composed of grains received by rivers during 
the last stages of equilibrium and/or aggradation. These grains cannot get to the bed- 
rock, which is protected from the river action by a layer of a substrative alluvium. but 
mineral grains may be concentrated in the higher parts of alluvial strata. During later 
downcutting stages, however, above-bottom placers may be reworked to join and enlarge 
bottom placers. Allochthonous placers, containing finer heavy mineral grains moved by 
a river as a part of its alluvial load, form far downstream from primary ore deposits or 
autochthonous placers, and they occur in surficial parts of channel alluvium. Rivers in 
an equilibrium state build point-bar placers, and in aggrading rivers several point-bar 


concentrations may be superimposed to form thick allochthonous placers. 
As bottom and above-bottom autochthonous placers, and allochthonous placers. require 
different methods for locating, prospecting, and sampling, the recognition of these types 


is of a practical importance. 


Introduction 


In the Soviet Union, the geology of placer deposits 
has been studied not only in its practical aspects, but 
also from theoretical points of view. Placers of dif- 
ferent origin and mechanisms of formation have been 
thoroughly characterized by Y. A. Bilibin in his 
“Principles of placer geology” (1938), which has had 
several editions and has become a textbook for placer 
geologists. However, some new concepts of placer 
geology, especially those concerning alluvial placers, 
have been developed since 1938. This paper, which 
systematically characterizes the main geological fea- 
tures of alluvial placers, is based on a revision of 
Bilibin’s views and on later ideas of Soviet geologists, 
including those of the author. 


Autochthonous and Allochthonous 
Alluvial Placers 


Y. A. Bilibin pointed out that alluvial placers can 


_ be classed according to their connections with certain 


land forms, but a more basic distinction into two 
subtypes may be made on the basis of the different 
behavior of the “placer” minerals in flowing water. 
Where the heavy minerals are carried as a part of 
the bed load of the stream “bed placers” are formed ; 
where they are carried in a suspended or semisus- 
pended ‘state “point-bar placers” are deposited. Bed 
placers, including channel, valley, and terrace placers, 
consist of relatively coarse mineral grains concen- 
trated at the base of alluvial horizons and in the 
crevices of an underlying bedrock. Point-bar placers 


consist of considerably finer mineral grains concen- 
trated in surficial parts of alluvial horizons and occur 
downstream of “bed” placers. Delta placers have 
been considered by Bilibin as “‘point-bar placers 
which have reached areas of accumulation.” 

This division of alluvial placers into these two sub- 
types reflects important features of their formation. 
It also helps one to understand the origin of these 
features and therefore to direct the search for placers 
more effectively. However, recent data on the struc- 
ture of placers make it impossible to accept Bilibin’s 
explanation of the differences between the subtypes 
without modification. 

We now recognize that point-bar placers are never 
concentrated in floodplain (overbank) and ox-bow 
facies, which consist mainly of material carried by 
streams in suspended state. Even the point-bar 
placers of such a comparatively light mineral as 
diamond occur in the channel alluvium only. As 
the channel alluvium consists of bed-load material 
(Shantser, 1951), the sharp differences between 
point-bar and “bed” placers evidently cannot be ex- 
plained by differences in means of transportation of 
mineral grains. They seem to be determined by the 
fact that “bed” placers contain concentrations of min- 
eral grains which practically are not displaced by 
flowing water. 

Extremely small mobility for placer gold was sug- 
gested by P. K. Yavorovsky as early as 1896. In 
1949, N. A. Shilo expressed, and later (Shilo, 1956) 
argued in detail, an opinion that gold of “bed” 
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Fic. 1. A tributary placer continued in the main river. 


placers, free from the country rock, is not displaced 
by water streams. The same opinion has been voiced 
independently by N. G. Bondarenko (1957). It is 
based mainly on the fact that some gold placers 
stretch across ::ver valleys, being, as it were, con- 
tinuations of terrace placers situated in the tributaries 
of these valleys (Fig. 1). Such cases can only result 
~from a destruction of the lower courses of these trib- 
utaries and a redeposition of their placers by the main 
river. Configurations of such redeposited placers 
show that gold has not been displaced downstream 
by the main river, though the height of terraces, and 
therefore a vertical displacement of gold, has some- 
times been 25 meters or more. 

Placers of the preserved parts of tributaries occur 
not only on terraces but also on the bedrock under- 
lying valley floors of the tributaries. If downcutting 
of the tributaries is accompanied by lateral migration, 
“breaks” may be formed in placers, as shown in Fig- 
ure 2. Such “breaks.” especially those similar to the 
“break” shown at C, can be satisfactorily explained 
only if the minerals of “bed” placers are virtually 
undisplaced by the main river, although displaced 
rather considerably by slope denudation. 

Bilibin’s terms “bed” and “point-bar,” therefore. 
seem unsuitable for the two main subtypes of alluvial 
placers, as they do not properly reflect the mechanism 
responsible for their formation. I suggest calling 
them “autochthonous” and “‘allochthonous.” as these 
generally accepted geological terms, when applied to 


alluvial placers, clearly define the main differences in 
their origin and do not require explanation. 


Formation of Autochthonous Placers 


According to N. A. Shilo (1956) autochthonous 
gold placers extending along river valleys are a result 
of displacement and gradual disintegration of pebbles 
with gold inclusions. In his opinion, gold released 
from such pebbles during their travel along the rivers 
accounts for the main part of placer gold. In my 
opinion, some gold particles undoubtedly are supplied 
to placers by the disintegration of ore pebbles, but 
such particles do not account for most placer gold. 
The changes of gold content in placers are influenced 
by peculiarities in the shape of the bedrock surface, 
and changes of mean dimensions of gold particles 
along the valleys are regular rather than casual, with 
particle size decreasing downstream. These facts 
cannot be explained without assuming that displace- 
ment of some gold by streams does take place inside 
the autochthonous placers. Thus, there is no need to 
explain the extension of autochthonous placers along 
the valleys by transportation of gold in pebbles. In 
fact, according to an old concept of Bilibin, destruc- 
tion of alluvial pebbles occurs mainly by gradual 
attrition, and gold particles thus released are so fine 
that streams easily move them along. concentrating 
them only in allochthonous placers. 

Placer gold may be divided not only into two 
groups of fractions, forming autochthonous and al- 
lochthonous placer occurrences, but according to 
A. V. Khripkov (1958), the gold of autochthonous 
placers may be further divided into a coarser “pas- 
sive” fraction, which is practically immovable by 
streams, and a finer “active” fraction, which moves 
slowly down the river. The three fractions are tran- 
sitional, and their division is only a scheme to 
help understand the mechanism of placer formation. 
Boundaries between them are dependent upon hydro- 
dynamic characteristics. For example, gold particles 
finer than 1 mm form part of “passive” fractions in 
some placers, whereas gold particles up to 3 mm 
(Khripkov, 1958) may be a part of the “active” frac- 
tions of others placers. : 

Thus, the downstream extension of placers results 
from displacement of “active” fractions of mineral 
grains by water and from the fact that even “‘passive” 
fractions are not absolutely immovable. During river 
downcutting of even as much as tens of meters, the 
extremely small mobility of “passive” fractions makes 
their lateral displacement practically imperceptible 
and allows them to accumulate in valleys during 
many such downcuttings, extending perhaps even as 
long as entire geological periods. Each downcutting 
is accompanied by a total rewashing of alluvium and 
settling of placer minerals to the bedrock, where they 
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ain ike placer minerais accumulated earlier. It all 
seavy minerais could be readily moved by streams. 
‘ong-term accumulation of these minerals and torma- 
son of truly rich placers would be impossible. On 
--¢ other hand. as rich placers torm during many 
sages of river development that may include many 
“.wwneuttings amounting to kilometers. and possibly 
even tens of kilometers, those insignificant down- 
stream migrations of “passive” fractions that are 
imperceptible during a single downcutting may ulti- 
mately amount to a considerable distance. Thus. 
displacement of “passive” fractions has also to be 
reckoned among the causes of the extension of au- 
tochthonous placers along the river valleys. 


“Bottom” and “Above-Bottom” Autochthonous 
Placers 


V. V. Lamakin (1948) divided alluvial deposits 
into instrative, perstrative, and constrative dynamic 
phases, corresponding to the stages of river downcut- 
ting. dvnamic equilibrium. and aggradation.’ respec- 
in the mode of occurrence. lithologic characteristics. 
and distribution of different alluvial placers. but al- 
though Lamakin’s concept must be considered by ge- 
ologists studying alluvial placers his ideas need some 
modification. 

The transition from downcutting to the stage of 
dynamic equilibrium is accompanied by formation of 
a so-called “alluvium of normal thickness.” Only the 
upper strata of this alluvium are rewashed by a river 
in an equilibrium state. as the lower strata occur 
below the level of maximum depths of the river and 
are, therefore, protected. Thus, an alluvium of nor- 
mal thickness consists of two strata formed under 
different conditions. These strata differ in age. lith- 
nlogic characteristics, and other features. the differ- 
ences being of the same order as those between 
ivnamic phases (Kartashov, 1965). Evidently. only 
‘he upper strata may be regarded as the perstrative 
“nvium, and the lower strata should be reterred to 
> i subphase of alluvium formed by an independent 

aanuce phase. I have suggested it be called the 
> ostrative alluvium.? 

The long-term accumulation of “placer” minerals 

ms autochthonous placers concentrated at the base 

instrative (downcutting stage) or substrative 


_ The downcutting and aggradation stages correspond to 
a long-term fluvial processes defined by J. H. Mackin 
43). The Russian equivalent of a term “aggradation 1s 

“tiom used. As a rule, we call that stage of river develop- 
“tan “accumulation of alluvium.” using both a Russian 

“nakopienie’” and russined Latin “okkumulatsia.” 

.. This division retlects substantial dirterences 
~The existence of a substrative alluvium, which does not 
‘it a river in an equilibrium state to come into contact 
“h the bedrock bottom. shows that such a phenomenon as 

shitting’ equilibrium accompanied Dy a degradation o1 
‘ers (Mackin, 1948) does not. as a matter of fact, exist. 





Fic. 2. “Breaks” in placers resulting irom their rece’ 51- 
tion under combined influence of river downcuttings «nd 
slope denudation. Arrows show the direction of lateral «us- 
placements ot tributaries. 

A—The lateral displacement of a tributary directed up the 
main river. 

B—No pronounced lateral displacement of a tributary and 
no “break” in a placer. 

C—The lateral displacement of a tributary directed down 


the main river. 


(equilibrium and aggradation stage) alluvium and in 
the crevices of bedrock. As rivers come into contact 
with the bedrock bottom only during downcutting. 
bedrock placers receive new portions of minerals only 
during this stage. Minerals getting into rivers from 
exposed ore deposits or terrace placers during an 
equilibrium and/or aggradation stage cannot get into 
substrative alluvium and join the placers concen- 
trated therein. However, they can form autochtho- 
nous concentrations at the base of the perstrative 
alluvium and/or within the constrative series. Such 
concentrations form during relatively short periods 
and are, as a rule, smaller and poorer than the placers 
of a long-term accumulation. Thus. autochthonous 
placers consist of two groups which I have called 
“bottom” and ‘‘above-bottom” placers (Fig. 3). 

It should be emphasized that the position of a 
placer relative to bedrock is not a decisive character- 
istic of either group. The distinguishing feature ot 
bottom placers is the presence of mineral grains re- 
ceived during many stages of river development. 
whereas above-bottom placers contain mineral grains 
received during the last equilibrium stage or during 
periods of the last aggradation stage. For example. 
the downcutting of a river through the thick alluvial 
strata formed during several alternating stages ot 
aggradation and equilibrium may cease when the bed- 
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Fic. 3. Position of (1) bottom and (2) above-hottom 
placers in an aliuvium of a normal thickness. 
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rock bottom is not vet reached. Jf the rewashed 
strata had contained above-bottom placers, these 
placers could be redeposited together to form a rich 
placer on the ‘‘false bedrock”; such a placer ought to 
be considered as a bottom one. 

The autochthonous placers, both the bottom and 
particularly the above-bottom ones, generally contain, 
in addition to the mineral grains of “passive” and 
“aétive” fractions, some quantities of finer grains 
which move with the alluvial material. During every 
downcutting stage, bottom placers not only receive 
minerals formerly concentrated in above-bottom 
placers or scattered in alluvium and in colluvial de- 
posits of valley sides, but also they lose finer grains 
and some quantities of “active” fractions that are 
carried out of the concentration zones of the autoch- 
thonous placers. While the placers are receiving 
more minerals than they lose, they are increasing. 
and with the opposite ratio they are decreasing. 
However, the bottom placers may continue to exist. 
though gradually decreased, at the expense of “pas- 
sive” fractions, during many stages of river develop- 
ment even after the complete destruction of their ore 
sources. 


Formation of Allochthonous Placers 


The mineral grains carried out of the concentration 
zones of autochthonous placers cannot accumulate to 
fur:n deposits of the same kind, and they form dis- 
persion zones. However, they may form another 
kind of mineral concentration, termed allochthonous 
placers. In contrast to the autochthonous placers, 
which form under practically any hydrodynamic con- 
ditions providing the rivers receive enough large 
mineral grains from the ore sources, the allochtho- 
nous placers require definite hydrodynamic condi- 
tions for their formation. Allochthonous placers are 
formed on the surfaces of point-bars and channel 
bottoms where the rivers carrying loose material with 
finer grains of “placer” minerals regularly deposit 
their load but also regularly remove the lighter min- 
erals and rock iragments. This process leads to for- 
mation of surficial concentrations of heavy “placer” 
minerals. Such concentrations cannot originate if the 
water does not remove sufficient quantities of light 
material, or if, on the contrary, it removes both 
light material and considerable quantities of “placer” 
minerals. 

Downcutting parts of rivers carry out more loose 
material than they receive. Under such conditions, 
the finer grains of “placer” minerals cannot be de- 
tained. and allochthonous placers cannot be formed 
by them. During the stage of dynamic equilibrium, 
when the thickness of alluvium does not change, al- 
lochthonous point-bar placers are formed in the thin 
surficial horizons of channel facies of a perstrative 


alluvium. Most favorable seems to be the stage of 
aggradation, when new puint-bar concentrations may 
be superimposed on older ones, thus forming thick 
allochthonous placers. 


Development Stages of Fluvial Land Forms 
and Varieties of Placers 


Terms generally applied previously to alluvial 
placers connect them with various fluvial land forms 
and, accordingly, with the development stages of 
these forms. As the new division of alluvial placers 
into subtypes (autochthonous and allochthonous ) and 
groups (bottom and above-bottom ) is virtually inde- 
pendent of land forms, special attention must be given 
to the coordination between these new divisions and 
the older terms. 

Channel and valley placers were first distinguished 
by Y. A. Bilibin, who indicated that channel placers, 
described as “‘the placers in a process of rebuilding.” 
occur at the contacts with river channels and become 
valley placers during the filling of the valleys with 
alluvium of normal thickness, which break off the 
contact between placer and channel. Now. we can 
say that channel placers exist during river down- 
cutting and turn into valley placers with the transi- 
tion of the river to the stage of equilibrium. As 
above-bottom and allochthonous placers cannot form 
during downcutting, the channel variety can occur 
only among bottom placers. 

Above-bottom placers may also occur in contact 
with river channels and then migrate from this con- 
tact. But such a change does not necessarily reflect 
a substantial turning point in the development of 
river vallevs and therefore of above-bottom placers. 
Moreover, meandering rivers in equilibrium stage 
may repeatedly contact or diverge from above-bottom 
placers without any essential modification of their 
peculiarities. Thus, there are no reasons for dividing 
above-bottom placers connected with modern flood 
plains into channel and valley varieties. They rep- 
resent a single variety so the term “valley placers,” 
which is accepted for bottom placers connected with 
the same land forms, should be used for this variety 
of above-bottom placers. 

Allochthonous placers formed during equilibrium 
stages are point-bar placers, and allochthonous 
placers connected with aggradational (accumulative) 
land forms comprise delta placers (placers of alluvial 
fans may also be included) and river-plain placers. 
Allochthonous placers may also be formed by aggrad- 
ing rivers which do not create new land forms, but 
only transform their perstrative. or occasionally in- 
strative, flood plains into constrative ones. However, 
such placers were not described until 1968, when 
looking through prospecting data on the Kuranakh 
gold placer (Aldan district) I concluded that the 











Fic. 4. An allochthonous gold placer of the Kuranakh River (a cross-section on a prospecting line). 


dense shading, and solid black designate an increasing content of gold. 
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Thin shading, 
I—bedrock ; 2—colluvium; 3—constrative and under- 


lying perstrative and substrative alluvium; +—perstrative alluvium of the last equilibrium stage; 5—dredge dump. 


main part of this valley placer concentrated in a 
constrative alluvium of a flood plain of the Kuranakh 
River is of allochthonous origin (Fig. 4+). 

Two sorts of gold may be clearly distinguished in 
this placer; gold from local ore sources is represented 
by coarser grains, and gold from sources occurring 
some 25 kilometers away consists of finer grains. 
The small nonpersistent concentrations at the bedrock 
are, apparently, derived from local ore sources and 
have to be regarded as bottom placers, and probably, 
there are also above-bottom autochthonous placers. 
However, as the fine grains brought by rivers from 
remote ore sources comprise most of the Kuranakh 
gold, most of the concentration have an allochthonous 
origin. Hence the valley placers of ‘the Kuranakh 
River consists of autochthonous bottom and above- 
bottom placers as well as of allochthonous placers. 
Thus, the term “valley placer” can be applied to 
placers of the two subtypes and two groups of an 
autochthonous subtype, and it clearly should not be 
used without additional explanations. 

Varieties of placers connected with land forms rep- 
resenting the next stages of development of flood 
plains also require explanation. The main types are 
terrace and watershed placers. The origin and 
“morphological features of normal terrace placers of 
different subtypes and groups seem obvious. Relic 
land forms other than terraces are formed by changes 
in drainage pattern resulting from river beheadings, 
glacial advances, and other phenomena that deprive 
some valleys, or parts of valleys. of their rivers. Such 
abandoned or “dead” valleys may become parts of 
watersheds subject to processes ot slope denudation, 
and under the influence of these processes they grad- 
ually lose morphological features indicating their 


fluvial origin. At the final stages of development, it 
is impossible to distinguish those relic fluvial land 
forms from other parts of watersheds. However, 
their alluvium may locally contain placers of different 
subtypes and groups that has escaped destruction. 
Such relic mineral concentrations are called water- 
shed placers. 

A summary of the geological characteristics of 
autochthonous (bottom and above-bottom) and al- 
lochthonous placers, showing differences between 
these subtypes and groups of placers and listing the 
varieties of placers characteristic for each, is given 
in Table 1. 


Autochthonous and Allochthonous Placers 
of Various Minerals 


The same “placer” minerals can form both autoch- 
thonous and allochthonous placers, however, every 
mineral “prefers” a certain subtype of placer. Some 
of them do not demonstrate this “preference” too 
clearly. For example, autochthonous gold placers, 
predominate over allochthonous ones, but the latter, 
particularly the point-bar variety are not uncommon. 
Alluvial placers of some other minerals, such as 
zircon, seem to belong to an allochthonous subtype 
alone. 

Evidently this “preference” for certain subtypes of 
placers, as well as the extent to which it is pro- 
nounced, depends on the sum of such properties of 
minerals as density, predominant grain size, resis- 
tance to attrition and chemical weathering, fragility, 
etc. Each of these properties influences the behavior 
of minerals in flowing water. For example, the 
boundaries between “passive” and “active” fractions 
are determined mainly by density of minerals. 
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Table 1 
Charecteristics cf Kinds of Alluvial Placers 


Autochthonou 8 Al to oc ebro asorurs 


cS 


Bottom 


channel, valley, cerrace 
and watershed placers. 


l. are represented by 


2...) Oceur 


adjacent to cheir ore sources. 


ac the base of an instra- 
tive or substrstive allu- 
vium and in the crevices 
of a bedrock. 


3. Are concentrated 


Above-bottom @ 
point-bar, delta, river-plain, 

valley, terrace, and water- 

shed placers. 


valley, terrace, and 
watershed placers. 


more or less far from ore sources, 
being separated from them aod fron 
autochthonous plecers by zones of 

dispersion of “placer” sinerals. 


in surficial horizons of @ per- 
strative alluvium and within 
constrative strata, downstream 
of sutochthonous placers. 


at che base of as perstra- 
tive alluvium and within 
constrative strata, in 
the seme parts of valleys 
as boctom placers. 


i ——— 


4. Consist of mineral grains 


received directly from ore sources OF redeposited 


brought by rivers into concen- 
tration zones. 


from older placers and not carried out by rivers 


from concentration zones. 


tea rc 


entire time of destruction 
of primary ore deposits, 
embracing, #8 a rule, many 


5. accupulace during 


stages of river development. 


the lest equilibrium and/or aggradation 
stages of river development. 


tt nn 


downcutting stages or tran- 
sition from them to equili- 


6. an enclosing alluvium is 
formed during 


equilibrium and/or aggradation stages. 


brium stages. 


not destructed but dis- 
placed to the level of 
a new bedrock botton. 


7. An enclosing alluvium being 
rewashed during a down- 
cutting stage, are 


8. The mechanism of concen- 
tration of "Placer" 


sinerels water. 


does not essentially depend upon 
hydrodynamic properties of flowing 


displaced to the level of 
a new bedrock bottom and 
added to bottom placers. 


completely destroyed. 


depends to a great extent 
upon hydrodynamic properties 
of flowing water. 


nD 


Heavier minerals have a greater number of grains 
forming autochthonous placers relative to the quan- 
tity of grains carried out of the site of concentration. 
This seems to explain the paradoxical tact that 
heavier minerals, as a rule, form autochthonous 
placers of greater extent than lighter minerals, as for 
example. in the autochthonous placers of gold and 
cassiterite. 

However, none of the properties of minerals by 
itself has a decisive influence on their capability to 
form placers of either subtype. This is true even for 
density. as both the heaviest (gold and platinum ) and 
ligintest (diamond) “placer” minerals form placers of 
both subtypes. The gold and diamond placers dem- 
onstr::te. too. that it is true for resistance of minerals 
to attrition. Similar examples could be quoted for 
any vroperty of “placer” minerals. 

Moist of the mentioned examples refer to gold 
placers which are best known. Nevertheless, all the 
data -vailable on placers of other minerals belonging 


to d ‘erent subtypes and groups indicate that the 
mai regularities of formation are the same for 
piace + of all minerals. The principal differences be- 
twee the placers of different minerals, probably, can 
ie oe nnted for ly these placers belonging to differ- 
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ent subtypes or groups. There is no doubt that 
placers of different minerals belonging to the same 
subtype and group may differ in their length, thick- | 
ness. content of minerals, persistence of this content, 
and so on, but such features may be different even 
in placers of the same mineral. The main geological 
features listed in the above table are the same in 
placers of every mineral. 

The division into autochthonous and allochthonous 
subtypes applies not only to alluvial placers, but sim- 
ilar subtypes can also be clearly distinguished among 
coastal placers of lacustrine or marine origin. Most 
of these placers consist of mineral grains brought 
down by rivers and later displaced by wave action” 
and other coastal processes. However, some coastal 
placers are formed at the expense of wave-cut pri- 
mary ore deposits and are composed of mineral grain= 
which are little displaced by coastal processes. 

In conclusion. I would like to emphasize that th: 
differences between the bottom. above-bettom. and ! 
allochthonous placers lead to the necessity for CGM an 
different methods in seeking. prospecting. and sam- 
pling them. Hence. the division of any type ot placer~ 
into subtypes and groups. and an investigation 0! 
characteristic features of every subtype and grap 
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GEOLUGIC AE rea Ue OF ALECVIAL PLACERS 


are not only of theoretical but also of great practical 
interest. 
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SCIENTIFIC COMMUNICATIONS 


STREAM JUNCTIONS—A PROBABLE LOCATION FOR 
BEDKROCAFPLAGERS 


Introduction 


A difficulty with the location of placers in a valley 
or in an alluvial deposit is, as stated by Crampton 
(1937), that “each placer deposit, whether modern 
or ancient. exposed or buried, affords its individual 
and peculiar problem.” Therefore, there may be 
preferred positions of placers in alluvial fills and on 
bedrock valley floors, but an understanding of the 
channel history and the factors controlling deposition 
of the fill in each reach of a valley must be obtained 
before predictions of placer locations can be made. 

Important concentrations of heavy minerals occur 
on the floor of valleys, on or near bedrock (Yeend, 
1974). In fact, Cheney and Patton (1967) state that 
the concentration of heavy minerals within or near 
bedrock or a false bedrock is axiomatic. They sug- 
zest that this is due to the reworking of the alluvium 
during infrequent floods of unusually large magni- 
tude, and they cite evidence from stream-gaging 
stations that indicate considerable scour during large 
floods. This. of course, is the idea that Dury (196+) 
and Palmquist (1975) advanced concerning the 
origin of the deepest part of a valley floor. However, 
no single explanation is adequate to explain all con- 
centrations of heavy minerals on the bedrock floors. 
For example, Gunn (1968) suggested that agitation 
of sediments during flow permits downward move- 
ment of the heavy minerals, and Tuck (1968) be- 
lieved that the explanation was that rivers concen- 
trate heavy minerals on bedrock during periods of 
downcutting, and that these concentrations are then 
buried during aggradation. Of course, during and 
following changes of base level, there is scour and 
redeposition of sediments, so through time any 
change of base level will cause reworking of gravels 
and heavy mineral concentration. These concentra- 
tions often are related to positions of maximum scour 
on the valley floor. 

During experimental studies (Shepherd and 
Schumm, 1974), when incision of a channel into 
resistant materials (mixture of kaolinite and sand) 
had reached maxinium depth, aggradation was in- 
duced either by increasing sand feed at the head of 
he flume or by raising base level. In the frst case, 
a wave of sediment moved progressively downstream 
so that deposition occurred first in the upper parts 


of the channel. The gradient was steepened there, 
and sediment moved progressively downstream. In 
the second case, deposition occurred at the lower end 
of the flume. and the channel was backfilled. In both 
cases a sediment containing 0.38 percent magnetite 
was moving through the flume, and the coarsest par- 
ticles plus the magnetite formed a lag on the channel 
floor. As aggradation progressed, the magnetite con- 
centration was buried and preserved on the floor ot 
the valley. Above this bedrock concentration a 
valley-fill deposit that had not been reworked con- 
tained magnetite but not in noticeable concentrations. 
Deposition was not uniform over the bedrock floor 
of the channel, but magnetite concentrations occurred 
on both low and high points of the bedrock floor. In 
pools the heavy material was trapped and concen- 
trated with the coarsest material, but where the valley 
floor was high, channel width was also greatest and 
flow velocities were locally reduced, thereby causing 
deposition of the coarser and heaviest sediment at 
these locations also. It appears, therefore, that heavy 
minerals can always be expected on the bedrock 
floor of valleys if the river was transporting heavy 
minerals during erosion of the valley floor and 
deposition of the overlying sediments. 

The experimental study and field evidence (Shep- 
herd and Schumm, 1974. figs. 3 and 6) indicates that 
the bedrock valley floor will be irregular both in 
cross and longitudinal profile and that especially 
favorable sites of placer formation are related to hed- 
rock scour, which can take the form of continuous 
bedrock channels or discontinuous hut regular pat- 
terns of scour. Although such patterns exist. the 
prediction of their location in a valley is difficult; 
however, another experimental study which was per- 
formed as part of an investigation of the influence of 
tributaries on main channel morphology (Mosley, 
1976) produced information that may be relevant to 
this problem. 


Experimental Study 
Procedure 


These experiments were conducted in a Alume that 
is 2.8 m long and 1.3 m wide, with a longitudinal 


slope of 0.016. The fume was filled with a cohesive 
sediment with a median diameter of 0.34 mm anda 
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Scour hole in a typical model confluence, looking upstream. Note the concentration of 


magnetite (dark band in center of channel) downstream from the confluence. 


silt-clay content of 19 percent which had been passed 
through a 2-mm screen to remove pebbles and clay 
lumps. Water was supplied to the head of the flume 
via two independently controlled supply lines; the 
combined discharge was always 250 cc/sec. Ninety- 
five experimental runs were carried out; tributary 
confluence angle 6, the ratio of tributary discharges 
QO,/Q2, tributary widths w, and we, and tributary 
sediment loads OS, and QS. were varied to evaluate 
their effects upon maximum water depth D, in the 
confluence. Four runs in straight unbranched chan- 
nels flowing at discharges of 250 cc/sec were also 
made for comparison. They provided a value for 


mean channel depth D of 0.78 cm to which the depth 
of scour (Ds) at tributary junctions may be com- 
pared. 

Runs were terminated when ‘the tributaries and 
confluence had reached an equilibrium state in which 
all sediment fed at the head of the tributaries was 
transported through the flume, and significant erosion 
and deposition had ceased. Longitudinal profiles and 
selected cross sections were measured to enable com- 
putation of values for stream power, width-depth 
ratio. and other variables describing the hydraulic 
and morphologic character of the channels. Cross 
sections and maximum water depths in the conflu- 
ences were also measured, and dye was introduced 
into the flow to aid in observation of flow patterns 
at the confluence. 


Experimental Results 


As sediment was fed at the head of the tributary 
channels. sand, traveling as bed load. formed a dune 
front in each channel, which moved downstream. 


\When the dunes reached the confluence. they rotated 
to parallel the flow in the lower channel, forming a 
scour hole which was, therefore, partly deposi- 
tional in nature (Fig. 1). Bed erosion at the loca- 
tion of the scour hole indicated that the flow 
patterns that maintained the feature existed in- 
dependently of it. Dye injection demonstrated that 
flow patterns in the confluence were very complex. 
Shear along the boundary between the two converg- 
ing flows at the confluence set up vertical vortices. 
which were swept downstream. They were evidenced 
by the distinct but scalloped boundary between the 
two merging tributary flows. 

Flow from the tributaries crossed to the center of 
the confluence at the surface, plunged to the bottom, 
then returned to the surface along the walls of the 
scour. Two opposed helicoidal cells were thus estab- 
lished in the scour hole: two full cycles of each helix 
were visible. The helicoidal cells prevented move- 
ment of sediment into the center of the scour holes. 
so that the sediment entering from the tributaries was 
transported along the base of the scour walls and left 
it in two lateral zones. These converged some dis- 
tance downstream from the confluence: in between. a 
band of magnetite was usually found (Fig. 1). 

The scour holes were evidently a result of the 
shear and turbulence generated as the confluent 
flows were turned into the continuing channel. De- 
scription of the precise nature of turbulence in such 
a complex situation is virtually impossible, but the 
degree of turbulence and rate of energy dissipation 
are related to the change in flow momentum in the 


confluence, that is. to the forces exerted on the flows 


as they pass through the confluence (Chow. 1959). 
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The momentum equation shows that these are in turn 
related to confluence angle, water discharge, water 
density (constant in the experiment), and How ve- 
locity (approximately 0.3 m/sec in all runs). Fig- 
ures 2 and 3 show relative scour depth D,/D as a 
function of tributary confluence angle and the ratio 
Q.1/Q:2 for two subsets of the 95 runs. Runs with 
straight unbranched channels and discharges of 250 
cc/sec are also included. At confluence angles of 15° 
there was little shear along the boundary of the con- 
verging flows, and hence little tendency for a scour 
hole to form. This corresponds to engineering ex- 
perience with generation of turbulence in rigid bound- 
ary confluences (Corps of Engineers, 1970). Quali- 
tative observation indicated that shear and turbulence 
in the scour increased rapidly above 15° to angles of 
90°, and more slowly thereafter; scour hole depths 
show a similar variation with confluence angle (Fig. 
Zi. 

Figure 3 shows that, as the smaller tributary (with 
discharge (Q,) increases in discharge relative to the 
larger, bed scour in the confluence becomes more 
pronounced. When all flow is in one channel, shear 
and turbulence are at a minimum, and water depth 
in the confluence is equal to the depth in a straight 
channel. <As flow in the smaller tributary is in- 
creased, it exerts an increasingly large turning force 
on flow in the larger, shear and turbulence are gen- 
erated and helicoidal flow cells become established in 
the confluence, and bed scour increases. The net 
amount of turning of the flow, generation of turbu- 
lence, and hence depth of scour are greatest when the 
tributary has from half the discharge of the main 
channel to an equal discharge. Tributary widths were 
varied in the subset of runs shown in Figure 3 but 
had no clear effect on scour depths.” 


Q, =Qpg = 125cc/sec 
QS, = QS, = SSgm/min 
N=39 
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Fic. 3. Relation between relative scour hole depth (D./ 


D) in the confluence and tributary discharge ratio (Q,/Q:). 
The three outliers were for runs in which flow in the tribu- 
taries Was not uniform across the channel but became con- 
centrated near one bank. Discharges per unit width were 
theretore unusually high and caused increased scour. 


Figure + shows the effect of varying sediment load, 
with tributary discharges constant. As sediment load 
increases, relative scour depth decreases; varying 
relative tributary sediment load QS,/QS. had no 
discernible effect upon D,. Apparently an increase 
in sediment transport requires an increase in béd 
shear and flow velocity, which implies constriction of 
the flow cross section and a decrease in flow depth. 

Observation of branch channel confuences in 
Medano Creek and the North Platte River, braided 
streams in Colorado and Nebraska, provided qualita- 
tive field evidence for scour features like those ob- 
served in the flume. Smith (1974) has also observed 
such features, up to 3 m deep, in the North Saskatche- 
wan River. A small scour 25 cm deeper than gen- 
eral bed level was observed in the confluence of Red 
Dirt Creek and Big Muddy Creek, Colorado. The 
boundary between the confluent flows was scalloped, 
as in the flume, and vertical vortices which were 
swept downstream were clearly visible. Bankfull 
depth in the confluence was 1.7 m, but flow was 0.8 m 
below bankfull at the time of the visit, which probably 
explains the small dimensions of the scour. <A large 
scour hole formed during channel-forming discharges 
would probably be filled in as discharges declined, 
and evidence for its existence would therefore be lost. 
In addition, flood peaks from the two tributaries are 
probably rarely coincident, so that the depth and 
orientation of a scour hole in a confluence would be 
expected to vary with the passage of flood waves 
through the channel. 

Several stuclies have shown that channel beds are 
scoured during food events if alluvium is of moderate 
thicl ness (Pickup and Warner, 1976). Palmequist 
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Fic. 4. Relation between relative scour hole depth (D./ 


D) in the confluence and total sediment load (QS) through 
the confluence. Note that confluence angle @ was 60° 


throughout: Figure 2 suggests values of D./D of about 3.0 
when @= 60° and QS = 110 gm/min. 


(1975) has suggested that this periodic scour may, 
over a Jong period, cause erosion of the bedrock valley 
floor to depths of two or three times normal bankfull 
depth. Because streams tend to be located at pre- 
ferred positions within a valley, such as on the outside 
of valley bends, depths of bedrock erosion should 
tend to vary and to be in proportion to the length of 
time that a stream is located at a given point. It ap- 
pears that scour at channel and valley confluences 
mav be integrated into Palmquist’s “preferred posi- 
tion model”. Periodic scour at confluences should, 
over the long term, cause erosion of the bedrock 
floor to greater depths than elsewhere in the valley 
because of the greater turbulence and erosivity at the 
confluence of two flows. 


Summary . 


The results from the experimental study of stream 
confluences indicate that bedrock scour depths should 
be greatest at the confluence of streams. The scour 
will be deepest at junctions of tributaries that have 
discharges (drainage areas) that are from half to 
equal the amount conveyed by the main channel (Fig. 
3), have small bed-load transport rates (Fig. 4). and 
meet at angles between 60° and 90° (Fig. 2). Field 
observations are not available to test these conclu- 
sions : nevertheless, they may have important implica- 
tions for the location of placer deposits. Needless to 
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say, the enhanced sediment reworking due to the 
turbulence at tributary junctions will promote heavy- 
mineral concentrations at these locations. 

As placer minerals are known to be deposited 
preferentially in and around depressions in the bed- 
rock surface, valley confiuences would seem to be 
very promising areas for prospecting. It 1s signif- 
icant in this respect that segregation of magnetite oc- 
curred just downstream of the scour holes in the 
model channel confluences (Fig. 1). In addition, if 
there is a repeating pattern of bedrock scour on valley 
floors (Shepherd and Schumm, 1974, figs. 6 and 7), 
the uppermost scour of the series will be at a tribu- 
tary junction. 
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David Le Count Evans, Consulting geologist* 


Twenty four years of observation have gradually suggested to 
the author that gold, in small amounts but evenly distributed 
throughout ultrabasic rocks, may be chemically dissolved and 
re-precipitated in possible commercial placer concentrations 
by the normal process of laterization. 

The arrival at such a premise has ‘been accompanied by 
some troubled thinking dating back to 1955, after a detailed 
study of a French Guiana gold placer. At that time, it was 
concluded that the only possible source of the placer gold was 
the thick, red, lateritic soil cut by the stream channel. Of 
particular interest was the fact that some of the gold in the 
channel obviously had been re-precipitated from solution. 

If this premise is true, it may account for some of the gold 
deposits in the higher Tertiary channels of California's 
Mother Lode country and on the west slope of the Sierra 
Nevada. Furthermore, this premise may explain the occur- 
rence of extremely large nuggets of exceptional fineness, 
which early-day placer miners would not accept as the 
product of eroded vein structure. It might also partially 
account for the scattered placer gold in southwestern Oregon 
and the abundance of gold in the channels and tributaries of 
the Klamath and Trinity Rivers of northwestern California. 
Assuming the soundness of this premise, a key is suggested to 
exploration for undiscovered, large-yardage, low-grade 
deposits minable by open-pit methods in many parts of the 
world. 

In 1955, prevailing concepts of gold mineralization only 
recognized the fact that many major gold placer areas are 


centered on or flank regions of laterized ultrabasic rocks. The 


long-held commandment that gold is insoluble under normal 
conditions closed the door on the idea that it might be 
concentrated by solution and re-precipitation — although this 
idea was postulated by some of the early participants in the 


ae 2 ee eee 
*The author first studied laterites at Riddle, Ore.. in 1941 while participating 
in the discovery and exploration of the Eight Dollar Mountain deposits. In 
1942 and 1952, he examined the main nickeliferous laterites that continue 
south through California's Del Norte County. He has also worked in French 
Guiana. the California Mother Lode area, Siskiyou and Trinity counties in 
California. and Costa Rica. 
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California gold rush. By 1972, however, contributions to the 
literature were providing the chemistry needed to permit 
questioning of gold’s presumed insolubility. 

Such a suggestion does not imply that all lateritic deposits 
contain unrecognized secondary concentrations of gold. 
Much less does it suggest that the many successful nickel- 
silicate mines, as a group, have been overlooking by-product 
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gold values. In fact, study of many excellent papers on 
worldwide nickel operations has revealed no references to 
gold—not in traces measurable in parts per million, not in 
raw ore or concentrates, and not in the refined product. The 
suggestion does permit consideration of the possibility that 
nickel-cobalt and gold deposits separately but not in combi- 
nation may have a common lateritic ongin. = _. =" *' 

- Lateritic deposits result from the alteration of rock masses. 
The conditions that produce such alteration include a tropi- 
cal climate, to promote steady chemical disintegration; a 
regionally flat surface and similarly flat water table, to 
assure little movement of solutions after they enter the zone 
of saturation; and long time intervals, to allow the chemical 
action to penetrate great thicknesses of rock. Laterization of 
acid, light-colored rocks has produced bauxite deposits in the 
Caribbean, along the northern coast of South America, in the 
southeastern US, and in Costa Rica and Australia, among 
other locations. Laterization of peridotites, dunites, gabbros, 
and other ultrabasic rocks has fostered the nickel silicate 
deposits of New Caledonia, Cuba, the Philippines, Colombia, 
Guatemala, Venezuela, Brazil, Oregon, northwestern Cali- 
fornia, and other regions. 


ENIGMA OF CAUIFORNIA GOLD 


From the earliest days of the California gold rush, San 
Francisco journals indicated evidence of interest in the actual 
origin of the state’s placer gold, especially in the drift mines 
that followed old Tertiary channels. THE MINING AND 
SCIENTIFIC PRESS carried letters from miners and discussions 
by leaders in the scientific community that questioned 
accepted theories. An article by a Dr. Landsweert (1869) is 
representative of the general tone of this debate. He wrote: 
“Every one concurs in-the belief that alluvial gold has been 
derived at some time or other from lodes; but seeing that the 
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largest piece of gold ever found in the matrix is insignificant 
when compared with the nuggets that have sometimes been 


found in the alluvium, it has been a difficult matter to — 


reconcile belief with experience.” 

Dr. Landseert described a number of experiments in which 
very dilute solutions of gold chloride and a carbonaceous 
material used as a “decomposing” agent were mixed to 
precipitate films of gold on centers of pyrite, iron, copper, 
antimony, galena, and other metals and minerals. Using 
brown iron ore, gold was deposited as a fine metallic 
powder. 

Dr. Landsweert concluded: “The occurrence .of larger 
nuggets in gravel deposits than have been found in quartz 
ledges, with the fact that alluvial gold almost universally has 
a higher standard of fineness, would seem to imply a 
different origin for the two.” He also quoted a contemporary, 
a Professor Bischoff, who added fuel to the fire by saying: 
“. .. the very marked difference between much of the 
alluvial gold and vein gold indicates that the alluvial had 
some other origin and was transferred from the reefs to the 
drifts by some means other than denudation; and when we 
consider that the nuggety gold consists of nearly the heaviest 
known matter, offering but a small surface of attack when 
compared to the other constituents of the veins, it appears 
strange that they should be found at a great distance from 
any known reefs, as nearly all the large nuggets have 
been.” 

Such discussion naturally drew opposition from those who 
defended the gospel of denudation and mechanical transport 
of gold from source rock. 

In further support of the solution hypothesis, Professor 
Joseph Le Conte (1871) offered the following: “Will sulphate 
of iron dissolve gold? We must remember in this connection 
the difference between the operations of the chemist and 
those of nature. The chemist calls a substance insoluble if it 


Fig. 3—Gold producing areas 
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is not dissolved to any considerable extent in a limited space 
of time. But nature has infinite ages of geologic time to work. 
Hence, a substance dissolved only in part by the chemist may 
be entirely dissolved by nature... .” 

Describing the pocket deposits of eastern Trinity county 
and western Shasta county, California, O.M. Hershey 
(1910), observed: “The gold lies in a thin, flat sheet . . . it is 
in the form of coarse and fine grains that have a peculiar 
smooth and rounded surface, quite unlike the fine gold in 
quartz veins . . . I believe that some of the finely divided 
gold (detritus from base-metal veins with very low gold 
values) passes into solution in the zone of oxidation and is 


leached out by the descending meteoric waters . . . and some 
may be deposited in cracks in the rock to form the so-called 
‘pocket’ seams. 


“This certainly is secondary concentration by meteoric 
waters, circulating near the surface, though it is not second- 
ary enrichment in the sense ordinarily meant.” 

Hershey remained undecided as to whether deposition 
occurs in the zone of oxidation or just below it, but he 
concluded: “. . . (the gold) is transported in solution in 
ordinary cold meteoric waters, circulating within several 
hundred feet of the surface. . . .” 

F. W. Clarke (1908) pointed out that the natural solvents 
of gold appear to be numerous. Gold is held in solution by 
potassium silicate, and it is perceptibly soluble in a 10% 
sodium carbonate solution or a mixture of sodium silicate 
and bicarbonate. Solutions of alkaline sulphides have been 
found to be effective solvents. Hydrogen sulphide attacks 
gold perceptibly. AlJ of these solvents occur in natural 
waters. 

Clarke referred to an experiment by T.A. Rickard in 
which a sample of Cripple Creek ore, containing manganic 
oxides, was treated with a solution of ferric sulphate, sodium 
chloride, and a little sulphuric acid. All of the gold was 
dissolved. A fragment of black carbonaceous shale was 
immersed in the solution, and the gold was precipitated. 

The experiment illustrated the ease with which gold is 
redeposited from its solutions. Organic matter of almost any 
kind will precipitate gold, and such matter is rarely, if ever, 
absent from the soil. Gold, therefore, although it may enter 
into solution, is not likely to be carried far before it is 
precipitated. Gold is thrown out of solution by ferrous salts, 
other metals, and many sulphides, as well as ordinary soil. 


RECENT LABORATORY EFFORTS 


Recent studies, although not designed to support the 
premise of laterization as a source contributing to gold in 
placers, do support the solubility of gold in nature. Cloke and 
Kelly (1964) confirmed earlier work by Emmons (1917) and 
Krauskoph (1951) that indicated that acid chloride solutions 
in the presence of a strong oxidizing agent produce conditions 
favorable for the solution of gold. A solution of H,SO, and 
NaCl exposed to pyrolusite and goethite on a gold plate, 
respectively, dissolved gold in appreciable amounts in both 
cases. Cloke and Kelly emphasized the fact that the only 
inorganic acid commonly present in the supergene environ- 
ment is H,SO,, which is formed through the oxidation of 
sulphides remaining in the gossan. 

Concerning supergene transport, Coke and Kelly reported 
that “the actual process of movement of gold is envisioned to 
involve repeated solution and deposition,” and they con- 
cluded, “The preceeding evidence supports the conclusion 
that acid chloride solutions, together with iron and manga- 
nese oxides can provide supergene transport of gold.” 

With reference to goethite, Hotz (1964) listed limonite, 
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goethite, and maghemite as constituents of the brick red 
surficial soil of Oregon's laterites, with these minerals char- 
acterized by shot-like granules. Maghemite is a magnetic 
anhydrous ferric oxide. 

With reference to maghemite, Coveney (1972), reporting 
on the localization of high-grade gold ores in California's 
Oriental mine deduced that hydrogen gas accompanying 
magnetite at a serpentine contact was the reducing agent. 
Precise work indicated that the H; was not in the serpentine 
but in the bi-occurrences of magnetite. 

Rucklidge (1972) concurs with White (1968) in the belief - 
that chlorine is a significant element in environments where 
metals are being redistributed and deposited. He further 
states that high chlorine in serpentines comes from partial 
serpentinization. He concludes that “The influence of chlo- 
rine-bearing fluids on the movement and redistribution of 
metals from ultramafic rocks is a tantalizing subject.” 


OREGON AND CALIFORNIA PLACERS | 


The central valley of California is a simple subduction 
zone trough flanked on the west by the Klamath Mountains 
and the Coast Ranges and on the east by the Sierra Nevada 
foothills. It extends from San Joaquin in the south through 
the Sacramento Valley until it is terminated in the north by a 
covering of Miocene-Pliocene Cascade volcanics. The rock 
units in the Klamath Mountains and Coast Ranges consist of 
a melange of Triassic ophiolites, Jurassic basic intrusives and 
serpentines, and lower Cretaceous Franciscan metasediments 
and metavolcanics. The Sierra Nevada foothills are made up 
of Triassic ophiolitic assemblages (ocean plate) and Jurassic 
ultrabasic intrusives and serpentines. (The regional geology, 
peneplain patterns, and gold areas are illustrated in Figs. 1, 
2, and 3.) d 

Both the Klamath Mountains/Coast Ranges and the 


not too diagnostic, since they reflect the results of tectonic 
growth starting in the Cretaceous. Descriptions by Diller 
refer to a Klamath (upper) peneplain and a Sherwood 
(lower) peneplain. At Riddle, Ore., the upper ore flat at 
3,500 ft elevation and the lower ore flat at 2,500 ft elevation 
may correspond with these designations. 
’ From Riddle south to the California line, other Sherwood 
remnants at about 2,500 ft elevation can be identified at Red 
Flat, Eight Dollar Mountain, Free and Easy, Woodcock 
Mountain, and Rough and Ready Mountain. All of these 
areas are nickel prospects. Riddle is the site of the only 
producing nickel mine in the US, which is operated by The 
Hanna Mining Co. Recognition of the significance of pene- 
planation first occurred early in this century and was 
discussed by Diller (1910), Hershey (1910), and Lindgren 
(1911). | 

Fig. 3 outlines gold-producing areas and illustrates their 
promising coincidence with peneplaned areas. In southern 
Oregon, the Rogue River and its tributaries have been 
worked extensively for placer gold, as have the Waldo- 
Jacksonville and Illinois River drainage areas south of the 
Rogue and the area south of Eight Dollar Mountain near 
Kirby. The Oregon State Geological Survey’s Bulletin 61 
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Fig. 4a—South Fork of Scott drainage, Callahan district 
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Fig. 4c—Hayfork drainage, Hayfork district 
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Fig. 4—Free gold associated with lateralization in Trinity and Siskiyou counties, California 
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provides good historical and geological detail about these 
districts. An association with an ultrabasic complex is 
suggestive. 


SOUTHERN KALAMATH 


Jurassic ultrabasics, laterized peneplain remnants, and 
exceptional placer gold deposits such as those found in 
southwestern Oregon also occur farther south in the Sis- 
kiyou-Trinity region of California. Peneplain remnants in 
this area include Pine Flat, 2,500 ft; Low Plateau, 2,600 ft: 
High Plateau, 3,500 ft; Little Rattlesnake, 3,200 ft; Rattle- 
snake, 3,600 ft; and Red Mountain, 4,000 ft, as well as four 
others that conform to requirements but have not been 
mapped. These four are in Del Norte county, north of the 
Klamath river and close to the coast. - 

Continuing southeasterly to the Weaverville area, other 
peneplain remnants include the King Solomon mine, 3,300 ft; 
the Crawford anomaly, 4,200 ft; and the Dog Paw laterite, 
4,200 ft. There are also three such remnants in the Cecilville 
area on the Salmon River drainage and another at Wildcat 
Creek west of Callahan. All of these peneplain remnants are 
auriferous. The King Solomon and Wildcat Creek properties 
produced economically from rotten, red-to-buff, lateritic soil 
deposits. Neither reflects a vein source nor orthodox gravel 
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characteristics. 

Of special interest is section A of Fig. 4. The position of a 
thick layer of exceptional gold at serpentine bedrock and 
beneath barren (leached?), rotten, heavily oxidized diorite is 
considered very significant. Section B of the same figure 
shows laterized diorites and schists with some gold concen- 
tration at King Solomon’s mine flanked by gabbro with 
scattered “pocket” gold. Section C shows the Hayfork dis- 
trict, with pockets or “roots” of gold beneath a remnant of 
Stnpped-away laterite. 

Study of various records of gold production in the Klamath 
Mountain province in California indicates a total production 
of 11,369,000 oz, of which 87% can be attributed to placer 
mining. 


MOTHER LODE AREA 


The existence of peneplanation in the Sierra Nevada 
foothills was the subject of some debate in the early 1900s. 
Lindgren, in the classic “Tertiary Gravels of the Sierra 
Nevada of California” (1911), questioned such a thesis, 
attributing the regional flatness to level lava flows that 
conceal a pre-Tertiary surface. He qualified this view to 
some extent by noting that east of the depression between 
Forest Hill and North Columbia, the terrain rises to an 
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Fig 5— This composite shows how a laterttic nickel orebody can be enriched 
by migratory solution and indicates clearly the extent to which enrichment ts 
guided by fractures in the underlying bedrock. 


undulating plateau that extends over a considerable space at 
an elevation of 3,000 to 5,000 ft. (This area contains 
sufficient nickel silicate to have justified recent explora- 
tion.) 

Others, including Diller (1910) and Hershey (1911), sup- 
ported the peneplanation thesis, as do some researchers 
today. In a personal study, the author constructed profiles 
from Magalia to Forest Hill that indicates two terraces, at 
4,300 and 3,300 ft. The width of the terraces is 15 mi, and 
the distance covered is 80 mi. There is also a suggestion of a 
third terrace at 2,500 ft. Direct observation in scattered areas 
reveals a surface of heavy red soil and an irregular contact 
between overlying laterization.and underlying basic rocks, 
with some serpentinization. In many respects, the area is 
similar to laterized areas in southwestern Oregon and north- 
western California. 

Sierra Nevada placer gold, won from Tertiary channels 
and existing streams, accounted for about 66,817,000 oz of 
California’s total gold production of 106,276,163 oz through 
1970, 63% of the total. Further review of records indicates 
that these placers accounted for 74% of production in the 
Sierra Nevada province. 

W. B. Clark (1979) notes that Eocene channels are the 
most extensive and productive in the Sierra and that they 
originated in Cretaceous time, when streams flowed across a 
subdued topography into a shallow Cretaceous sea west of 
today’s Sierra. The Eocene climate is generally thought to 
have been sub-tropical, permitting deep weathering of rock. 

These older Eocene channels consist of boulders of intru- 
sive and metamorphic rocks, as well as white milky quartz. 
In some cases, there are “greenstone” gravels near bedrock 
that have “yielded significant quantities of gold.” In all cases, 
the highest proportion of gold occurs at or near bedrock in 
the oldest deposits. 

Gold particles range from flour size to coarse nuggets 
weighing more than 100 oz. Fineness of the gold is exception- 


- al, ranging from 850 to 950. 


Thus, the Sierra Nevada portion of the Oregon-Klamath- 
Sierra trend repeats certain basic conditions. The gold- 
producing areas occupy certain Triassic-Jurassic trends of 
ultrabasic intrusives but only where overlain by Cretaceous 
peneplanation that was followed by laterization of the ultra- 
basic masses. The fineness (purity) of gold is exceptionally 
high. Production in all cases was in part from well-developed 
vein structures in the Jurassic basic units and in part from 
placers, which represent 60-87% of an area’s total produc- 
tion. The few isolated observations in the Klamath area of 
placer concentrations tied to laterization cannot be repeated 
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for the Sierra, possibly because of insufficient work. 


PRE-CAMBRIAN FRENCH GUIANA 


In 1955, the author undertook studies of placer deposits in 
French Guiana, where, except for a thin strip of Quaternary 
shales and sands on the coast and some sandstones and 
conglomerates of Cretaceous age in a few streams, all of the 
rock is of pre-Cambrian age. An upper complex of schists 
and conglomerates is designated the Orapu series, and a 
lower complex of schists and quartzite is designated the 
Paramaka series. These rocks, with unclassified quartzites 
and amphibolites at the very base of the column, all rest on 
underlying granite. Before Orapu time, first diorites, grano- 
diorites, and gabbros, and later granites invaded the Parama- 
ka rock sequence. 

Quartz veins that are slightly auriferous have been mined 
without economic success at St. Elie, Adieu Vat, and Bief. 
Veins also occur in the Sauvenier-Haute Mana area, on the 
Orapu and Comte Rivers, between the Orapu and Approua- 
gue Rivers, in the Arouany Basin, on Lezard Creek, and 
elsewhere. The gold is thought to derive from the diorites, 
granodiorites, and gabbros, which carry disseminations of 
pyrite and chalcopyrite and probably minor gold with the 
sulphides. 

The French Guiana portion of the Guiana shield has been 
a positive area since at least pre-Cambrian time, exposed to a 
tropical environment on a flat terrain—the required condi- 
tions for laterization. There is evidence for at least two 
periods of vast peneplanation and “telescoping” of thick rock 
masses by chemical disintegration and reorganization. Brown 
ferruginous soil of varying thickness occurs as thin layers 
atop terrace remnants and covers the slopes away from the. 
terraces. The ferruginous soils grade abruptly into massive 
secondary limonite and minor hematite at the contact with 
partially altered bedrock. 

Where soils have been removed by erosion, massive iron 
oxide caps the upper elevations. Massive limonite with large 
voids in the matrix is known as “box-work” iron. 

Streams flow through valley fill that consists of trans- 
ported boulders of lateritic iron underlain by 5-15 ft of thick 
laterite-derived clay, which, in turn, caps several feet of 
gold-bearing sand and gravel. 

Guianans had worked the few feet of auriferous gravels in 
current drainages, as well as so-called “hillside” placers that 
occur as detrital deposits on the flanks of streams well above 
drainage and in the laterite itself. These workers claimed 
they were getting better values, with less effort, from the 
“hillside” placers than from the present stream. 

Supporting the possibility of gold being soluble in nature 
under the proper conditions, the author observed clusters of 
recent fine, clean sand grains wired together with fibrous, 
crystalline gold. Gold was also observed coating rounded 
pellets of iron oxide, in the voids of iron oxide, and as angular 
quartz pebbles. Fineness approached 950. No gold was noted 
in pure vein quartz. 

Geologists working in French Guiana have noted that 
placer deposits occur where drainages cross areas of diorite, 
granodiorite, and gabbro. Choubert (pre-1955) states, “Our 
observations allow us to affirm that placers and veins (of 
gold) are concentrated exclusively in areas of dioritic intru- 
sives, old lava flows, or both,” and “gold-bearing laterites 
have been recognized in all of the Guianas.” 

Braceville (1946) reports, “Gold placers are found within 
or close to ridges of metamorphic rocks . . . they are more 
often than not situated in lateritic areas and the laterite itself 
often contains workable values . . . concentrations of the 
deposits by alluvial agencies has resulted in the production of 
extensive workable deposits in small gullies, streams, and on 
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hillsides. 
“The bulk of the gold produced in British Guiana has 


probably been obtained from alluvial deposits not more than 
6 ft deep, in which the gravel layer is usually 1 ft thick and 
contains values of about $2 per yard, or about 30¢ per yard 
overall value. . .” . 


SUPPORT FOR SOLUTION PREMISE? 


There are differences between the French Guinana and 
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cape System 


Mine operators know it takes experience to produce 
quality equipment; and, with a 30 year record of pro- 
ven reliability and performance. Timberland equip- 
ment has what it takes. 


The Timberland Mine Escape System offers depend- 
ability which comes from engineering expertise, plus 
the versatility of a unique modular design which 
adapts to surface or underground installations. It is 
available as a complete fixed or portable system, or 
in individual component modules providing a basic 
hoist with fixed or swinging base; a choice of booms, 
as well as a variety of cages. A full range of power 
options include gas, diesel or electric drives, with 
auxiliary electric generating units if required: 

For unusual applications, Timberland can custom 
engineer a Mine Escape System to specifically 
match the needs of your mine. 





The Timberland Mine Escape System: 
You can depend on it! $ 
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Basin Dynamics, Channel Processes, and Placer Formation: 
A Model Study 


Jous Apams, G. L. ZiMpFER, AND C. F. McLANE 


Abstract 


The role of basin dynamics, tectonics, and channel processes in the formation of 
placers has not been well understood. In this study, these problems were investigated. in 
a miniature drainage basin subjected to rejuvenation. Sediment samples collected dur- 
ing the experiment show the response of total sediment discharge and heavy mineral 
discharge to rejuvenation. Total sediment yield peaked shortly after rejuvenation began 
and then decayed exponentially. This decay does not characterize magnetite yield which 
was produced in discrete events separated by periods of little output. 

Samples within the source area indicated that magnetite was concentrated and stored 
on uplands and hillslopes as well as in the floodplain. Valley fill contained horizontal 
layers deposited as the channel shiited laterally and trough-shaped scour and fill de- 
posits, which marked former channel courses. Within these deposits magnetite was con- 
centrated on bedrock channel bottoms, on alluvial channel bottoms (“false bottoms’), and 
in similar positions within terrace deposits. 

Complex response dominates basin rejuvenation. Initially, placers are destroyed and 
transported from the basin. Aggradation then overloads channels and heavy minerals 
are stored. This is succeeded by degradation during which heavy minerals are con- 
centrated and flushed from the basin. Superimposed upon this complex response are 
shorter periods of heavy mineral transport and storage controlled by interna] geomorphic 
thresholds. In both cases, heavy mineral transport is directly controlled by channel 
activity. Storage occurs when the channel aggrades, and when the channel degrades 
heavy minerals are concentrated in the channels and transported from the basin. 

Although basin rejuvenation destroys existing placers, it also creates an environment 
for the formation of new placers. In addition. the complex response of the source basin 


ct 


) to a single uplift will cause the multiple reworking of alluvium necessary for placer 
formation. 
Introduction Despite the extensive description of bedrock and 


“false-bottom” placers in the literature, there is no 
generally accepted mode of formation of these de- 
posits. Cheney and Patton (1967) consider that the 
concentration of heavy minerals at or near bedrock is 
axiomatic and that this concentration is caused by 
unusually large floods that rework the channel al- 
luvium. By contrast Gunn (1968) suggests that the 
heavy minerals move downward as the gravels of the 
channel bed are agitated by streamflow. Tuck (1968) 
considers that heavy minerals are concentrated on 
the channel bedrock floor during periods of down- 
cutting and that these are later buried by channel 
aggradation. 

The explanation of Tuck is supported by a model 
study (Shepherd and Schumm, 1974) which indicates 
that magnetite forms a lag deposit on the channel 
floor when the channel degrades and that this con- 


during periods of major uplift or subsidence because centration is buried when the channel later aggrades. 
at these times the transport processes are not con- Two concepts recently developed by Schumm 
ducive to the reworking and concentration of low- (1977) and his students can he used to explain chan- 
grade deposits. nel and basin processes and relate these to placer 
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Two problems relating to placer formation have not 
yet been resolved. The first is the relationship of 
placer fields to basin dynamics and regional tectonics, 
and the second is the relationship of individual 
placers to channel activity. 

Lindgren (1933, p. 225) and Bateman (1950, p. 
229) suggest that placer fields are most readily 
formed in deeply weathered areas of moderate relief 
that are subjected to progressive small uplifts. These 
cause stream rejuvenation and successive reworking 
of stream deposits into rich placers. For the efficient 
reworking of sediment, a channel gradient must be 
poised between excessive degradation and aggrada- 
tion, and Bateman (1950, p. 234) has suggested that 
a gradient of 0.006 (30 feet per mile) is optimal for 
placer formation. For similar reasons Sigov et al. 
(1972) conclude that placer deposits are not formed 
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‘ormation. The various components of a basin 
(floodplain, hillslopes, divides, tributaries, and main 
channel) respond at different times and at different 
"ates to external change (rejuvenation in this case) 
ind this results in a complex response mechanism. 
The concept of complex response was first developed 
luring experimental work (Schumm and Parker, 
1973). It has since been used to interpret valley ter- 
races along Douglas Creek in northwestern Colorado 
‘Womack and Schumm, 1977). Schumm 19/529. 
307) illustrates four stages of complex response 
(Fig. 1) and describes complex response as follows: 


Incision occurred first at the mouth of the system, 
and then progressively upstream, successively re- 
juvenating tributaries and scouring the alluvium pre- 
viously deposited in the valley. As erosion progressed 
upstream, the main channel became a conveyor of 
upstream sediment in increasing quantities, and the 
inevitable result was that aggradation occurred in 
the newly cut channel. However, as the tributaries 
eventually became adjusted to the new baselevels, 
sediment loads decreased, and a new phase of chan- 
nel erosion occurred. Thus, initial channel incision 
and terrace formation was followed by deposition of 
an alluvial fill, channel braiding, and lateral erosion, 
and then, as the drainage system achieved stability, 
renewed incision formed a low alluvial terrace. 


The second concept, geomorphic thresholds 
‘Schumm, 1973), shows how channel pattern is con- 
rolled by slope thresholds within the fluvial system. 
t has been known for some time that channel pattern 
s closely related to channel slope (Leopold and Wol- 
nan, 1957). Recent work (Schumm and Khan, 
-972) has shown that a critical threshold slope exists 
:bove which a straight stream will become meander- 
ng and a second critical threshold exists above which 
he meandering stream will become braided. 

During the summer of 1976 research was con- 
lucted at the Rainfall Erosion Facility (REF) at 
-olorado State University into the evolution of the 
lrainage net and the hydrology of an experimental 
'rainage basin. These studies followed the develop- 
nent of the basin from its initial configuration (two 
loping planes) to the formation of an “equilibrium” 
irainage basin. This basin was then rejuvenated by 
. drop in base level, and the basin was then allowed 
o develop to equilibrium. Morphological similarities 
etween the REF drainage pattern, drainage density, 
-nd streain profile to those of natural drainage basins 
‘ave been shown by carlier workers (Parker, 1977). 
fagnetite had been observed to concentrate in the 
tEF channels during an earlier study (Macke, 
977) in an aggrading river channel, but the present 

derimient provided an opportunity to study placer 
ormation in a drainage hasin as it underwent re- 
uvenation, 








Braided 
Channel 








Fic. 1. Diagrammatic cross sections of experimental chan- 
nel 1.5 m from outlet of drainage system (base level) show- 
ing response of channel to one lowering of base level (from 
Schumm, 1973). 

A. Valley and alluvium, which was deposited during pre- 
vious run, before base-level lowering. The low width-depth 
ratio channel flows on alluvium. 

B. After base-level lowering of 10 cm, channel inciscs into 
alluvium and bedrock floor of valley to form a terrace. Fol- 
lowing incision, bank erosion widens channel and partially 
destroys terrace. 

C. An inset alluvial fill is deposited as the sediment dis- 
charge from upstream increases. The high width-depth ratio 
channel is braided and unstable. 

D. A second terrace is formed as the channel incises 
slightly and assumes a low width-depth ratio in response tq 
reduced sediment load. With time, in nature, channel migra- 
tion will destroy part of the lower terrace and a flood plain 
will form at a lower level. 


The time span of tectonic processes makes it im- 
possible to observe the effect of these changes on 
placer formation in any natural basin. However, the 
drop in hase level in the REF simulates basin re- 
juvenation and from a study of heavy mineral pro- 
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Fic.2. The Rainfall Erosion Facility (REF) before enclosure. Crane shows 
scale, box is 15 m long. 


duction and storage in the basin during this period it 
is possible to relate placer formation to the rejuvena- 
tion processes. 

The quantity of heavy minerals stored in the REF 
allows the formation of placer deposits to be related 
to the complex response of the basin to rejuvenation. 
This estimation together with observations of channel 
activity also allows the recognition of conditions 
favorable to placer formation. Thus it is possible to 
use the REF to relate basin and channel processes to 
the formation of placers and to study the heavy min- 
eral export from a drainage basin through time. 


Equipment and Methods 


The Rainfall Erosion Facility consists of a 9.1 m 
by 15.2 m plywood box (Fig. 2) 1.8 m deep that was 
filled to an average depth of 0.9 m with a 1:1 mixture 
of local topsoil and plaster sand (mean size 1.55 phi, 
standard deviation 1.9 phi) which contained 0.4 per- 
cent magnetite. This material was compacted by 
rolling and is referred to as bedrock in contrast with 
the reworked sediments (alluvium) found in the 
channels. 

Controlled rainfall was applied to the surface at 
rates of 20, 28, and 56mm/hr. The highest intensity 
of rainfall was used to develop the drainage basin 
and for most of the hydrologic investigations. This 
resulted in a runoff on the order of 1.3 liters per 
second. A small fume was attached to the front of 
the REF to control base level and provide an outlet 
for runoff and sediment. Sediment production from 
the model basin was measured only at this outlet 
flume, and thus information on sediment supply from 


the individual tributaries to the main channel is not 
available. During the experiment base level was 
lowered by removing a plank from beneath the outlet 
flume and lowering the flume. 

During the development of the basin, sediment 
samples were taken at 15-minute intervals (samples 
11-18 and 20-28) for much of the run, and at 30- 
minute intervals (samples 31-46) for the remainder. 
Sample intervals during other times (samples 1-10. 
19, 20, 29, 30, and 47-50) varied irom § minutes to 
134 minutes with a mean of 31 minutes. Each samp-e 
represents the tofal water and sediment discharge 
from the basin for a measured period that varied be- 
tween 1.5 and 2.8 seconds. These data were later cor- 
rected to a constant sampling period of 2 seconds and 
then adjusted so that each sample was equivalent to 2 
seconds of the 56 mm/hr rain intensity, so that %} 
data would not be biased by the sampling period. 

The sediment samples were suction filtered, dried, 
and weighed to determine the sediment yield. To re- 
move clay and low-density components these samples 
were washed and panned to about one-eighth of the:r 
initial volume in a gold pan. The fine grain size of 
the magnetite (mean size 3 phi) precluded remeval 
of the fine grains by wet sieving since about one- 
quarter of the magnetite would also have passed 
through the sieve. The cleaned samples were subse- 
quently dried and the magnetite fraction separated by 
a hand magnet and weighed. The error involved in 
this procedure was approximately 6 percent based on 
replicate sampling. Magnetite yields were then com- 
pared to the total sediment vield, and the deviations 
from the expected values related to the observations 
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of basin and channel behavior recorded during the 
experiment. 

This experimental drainage basin cannot be con- 
sidered a scale model. It does not meet the strict 
rules of scale modeling necessary to maintain geo- 
metric, kinematic, and dynamic similitude (Hubbert, 
1937; Albertson et al., 1960). Instead, the drainage 
basin described in this study more closely resembles 
the analog model described by Chorley (1967) which 
Hooke (1968, p. 393) calls “a small system in its 
own right.” An analog model, commonly used in 
experimental geomorphology, does not model an in- 
dividual drainage basin but models some of the prop- 
erties of drainage basins in general. This approach 
is valid if the gross scaling relationships are met, the 
model reproduces some morphologic characteristics of 
the prototype (a natural system), and the process 
which produced the morphologic characteristics in the 
laboratory can logically be assumed to have the same 
effect on the prototype (Hooke, 1968). Hooke also 
demonstrates that a model of this type is necessary 
because the scale modeling of alluvial systems is not 
possible at the present state of knowledge. The fail- 
ure to maintain scaling ratios prevents the direct 
extrapolation from the model to the prototype, but 

= consider that the results of experiments of this 
, pe may be applied qualitatively to the field, even 
though the rules of scale modeling were not observed. 


Results 


The weight of magnetite in the undisturbed ma- 
terial was determined to be 0.408 percent with a 
standard deviation of 0.025 percent. The magnetite 
concentration in the sediment discharge samples 
ranged from 0.068 to 2.01 percent, with a mean value 
of 0.37 percent. When the magnetite concentration 
in the samples was plotted against cumulative pre- 
cipitation (an index of time or stage), the samples 
showed several distinct peaks (Fig. 3). 

Immediately following the base-level drop, sedi- 
ment yield increased sharply (Fig. 4). After reach- 
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Fic. 3. Variation in magnetite concentration in the sam- 
ples with cumulative rainfall. The horizontal line represents 
the average magnetite concentration in the bedrock. 
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Fic. 4. Production of total sediment and magnetite from 
the basin. Data have been corrected to a constant sampling 
period of 2 sec of 56 mm rainfall. 


ing a peak the data show exponential decay similar to 
the sediment yield curve described by Parker (1977, 
see also Schumm, 1977) based on more detailed 
sampling. The sudden lowering of base level pro- 
duced a knickpoint which migrated up the main chan- 
nel. As this knickpoint passed tributary junctions, 
knickpoints formed in the tributaries. These migta- 
ting knickpoints defined a “wave of dissection” 
(Howard, 1971, p. 30) that moved through the drain- 
age system and was one cause of changes in the 
amount of sediment released to the main channel and 
the fluctuations superimposed on the general sedi- 
ment decay curve. 

In contrast with the sediment production, ex- 
ponential decay was not shown by the magnetite 
production. Instead, magnetite was produced during 
a series of discrete events that were separated by 
periods during which little magnetite was moved out 
of the basin. The data represented by Figure 4 in- 
dicate that both sediment and magnetite leave the 
basin as pulses but that the magnitude of the pulses 
(relative to the expected values) is relatively greater 
for the magnetite than for the total sediment produc- 
tion. 

The data from Figure + were used to plot the 
cumulative production of magnetite against the cumu- 
lative production of total sediment (Fig. Se, Ube 
samples indicate that a total of 7,280 kg of sediment 
and 27.25 kg of magnetite was moved out of the basin 
during the experiment. Figure 5 shows that there 
are departures from the straight line of slope 0.00408 
that would be expected if the magnetite had been 
transported from the basin at the same rate as the 
total sediment. 

At three points (samples 11, 15, and 18) slightly 
more magnetite was removed from the drainage basin 
than can be explained from the yield of total sediment. 
This excess magnetite may have been derived from 
the reworking of alluvial deposits inherited from the 
preceding cycle of development. 
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Fic. $§. Cumulative plot of magnetite vs total sediment in 
the samples. Storage at any point can be calculated from 
the deviation between the data points and the line of equal 
production. Points above the line represent transport of 
magnetite in excess of magnetite freed from bedrock. 


An indication of the magnetite stored in the basin 
can be calculated from the difference between the ob- 
served and expected values for each point on the 
cumulative curve (that is, the vertical deviations of 
the sample points from the line of equal production). 
An increase in magnetite storage represents the for- 
mation of placers within the basin. By contrast, a 
decrease in storage represents the flushing of mag- 
netite from the basin and the potential formation of 
placers downstream of the basin. 

The plot of magnetite storage against cumulative 
rainfall (Fig. 6) shows that magnetite storage in the 
basin changed dramatically during the experiment. 
As the end of the experiment was approached the rate 
of magnetite storage decreased. Figure 4 indicates 
that sediment and magnetite discharge were decreas- 
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Fic. 6. Storage of magnetite in the basin during the 


experiment. Data from Figure 5. Zero storage assumed at 
start of data collection. negative storage represents removal 
of existing magnetite placers. 


ing toward their pre-rejuvenation rates and the basin 
Was again approaching equilibrium. Thus the samples 
discussed here represent changes in the basin as 
equilibrium was interrupted by a major Lase-level 
drop. As this adjustment to rejuvenation occurred, 
the erosion and reworking of sediment in the basin 
resulted in the concentration and net storage of 2.5 
kg of magnetite. 


Observations aftcr the experiment 


After completion of phase two of the experiment, 
the distribution of magnetite within the basin was 
sampled. Magnetite was concentrated in the channel 
alluvium as placer deposits, as indicated below, and 
was also concentrated on the bedrock surface between 
the channels where rainsplash had removed much of 
the lighter alluvium. 

Samples of the drainage basin surface were taken 
at 24 grid locations. At each point a small (20-40 g) 
sample was scraped from the surface and analyzed 
for the proportion of weight of magnetite in the sam- 
ple. These weights ranged from 0.91 to 4.88 percent 
of the sample weight, with a mean of 1.58 percent. 
The samples can be divided into three categories: 
upland samples (13 samples), hillslope samples (4 
samples), and floodplain samples (7 samples). Mean 
proportions of magnetite for each category were cal- 
culated. Upland and hillslope concentrations were 
found to be approximately the same, with means of 
1.13 percent and 1.05 percent. respectively. Flood- 
plain samples had a mean of 2.72 percent, more than 
twice that found in hillslope and upland samples. 

The amount of magnetite stored on upland and 
hillslope surfaces in the basin can be estimated from 
the product of the drainage area (86.5% of the total 
basin area of 105 m? is upland and hillslope), sample 
depth (no greater than 0.006 m), bulk density of 
the surficial material (determined to be 1,390 kg/m‘), 
and the proportion of mzagnetite in the samples 
Gray 

The caiculation indicates that approximately §.3 kg 
of magnetite was held essentially in situ on the bed- 
rock surface. This is an overestimate of the actual 
magnetite stored because both the actual sampling 
depth and the thickness of the magnetite surface layer 
were less than 0.006 m. 

Transverse cross sections of the channel were 
excavated to study the alluvial fill. The valley fill 
(Fig. 7) contained horizontal lavers, deposited as 
the channel shifted laterally, and trough-shaped scour 
and fill deposits, which marked former channel 
courses. Magnetite was frequently concentrated on 
bedrock channel bottoms, alluvial channel] bottoms 
(false bottoms), and on the bedrock interface of ter- 
race deposits. It was commonly associated with 
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coarser grained alluvium of presumed hydraulic 
equivalence. A bulk sample of one of these placer 
deposits contained 15 percent magnetite (38 times 
background), and locally concentrations of pure mag- 
netite were observed. Eleven nonrandom samples 
were taken to represent these placer cleposits. 

These representative samples were combined with 
the seven grid samples to give a mean concentration 
of magnetite in the channel fill and terrace deposits 
of 5.34 percent (13 times background). Valley de- 
posits comprise 13.5 percent (14.11 m*) of the basin 
area and have a bulk density of 1,340 kg/m*. As- 
suming a mean sampling depth of 0.006 m, this indi- 
cates that 6.1 kg of magnetite was stored in these de- 
posits, and, hence, channel storage accounts for 
slightly less than half of the total basin storage. 

The combined estimates indicate 14.4 kg of mag- 
netite were stored in the basin. This is an overesti- 
mate of the actual storage because upland sample 
depths have been overestimated and channel concen- 
trations may be biased toward higher values. 

Analysis of the sediment discharge samples sug- 
gests a total storage of 4.5 kg, which is in fair agree- 
ment with the magnetite estimated by sampling the 
basin after the experiment. 


Magnetite storage and basin activity 


The equilibrium of the lower main channel betore 
the base-level drop corresponds to Figure 1A. Little 
sediment was being transported from the basin (sam- 
ples 1-10, Figure 4), and both total sediment and 
magnetite discharge were approximately constant. 
Very short periods of aggradation and degradation 
controlled by intrinsic thresholds were observed in 
the lower main channel, but these had little effect on 
sediment discharge. 


Initial channel response to base-level drop cor- 


responds to Figure 1B. Twenty-seven minutes after 
sample 10 was collected, base level was lowered 203 
mm to rejuvenate the basin. Immediately, the main 
channel narrowed and downcut through existing 
alluvial deposits. Total sediment production in- 
creased rapidly but sediment export from the basin 
was not continuous, as shown by samples 11 to 18, 
and magnetite storage (Fig. 6) went through a period 
of rapid fluctuation. 

Observations made during this period provide an 
explanation for these fluctuations. Samples 11, 15, 
and 18 were collected during periods of downcutting. 
Sample 11 was collected as the first major knickpoint 
migrated up the main channel. Just before sample 
‘5 was collected, a smaller knickpoint migrated up 
the main channel. Between samples 17 and 18 the 
lower main channel narrowed and incised. Magnetite 
was deposited along the banks of the incised channel, 
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Fic. 7. Sketch cross sections of channel fill. Cross sec- 
tions (top to bottom) taken at 7.7 m, 5 m, 5 m, and 2.4m 
above basin outlet. Cross section C is a continuation of 
cross section B. 


indicating that much magnetite was in transport. 
Lateral migration of the main channel, and under- 
cutting and failure ot the valley scarps, were at a 
minimum when these samples were collected. 

Samples 12, 13, 14, 16, and 17 represent periods of 
magnetite storage. When these samples were col- 
lected, undercutting of the valley scarps and slumping 
dominated the lower main channel activity. The mi- 
gration of sediment waves and sediment from the 
collapse of valley scarps temporarily overloaded the 
lower channel and resulted in channel braiding, lateral 
activity, and the storage of magnetite. These periods 
of magnetite transport and storage (samples 11-18) 
are attributable to local channel control by internal 
thresholds. 

During the stage corresponding to Figure pe! 
(samples 19-29) the lower main channel was flooded 
by sediment from the upper channel and its tribu- 
taries. Before the collection of sample 23 response to 
base-level drop was confined mainly to the lower 
main channels and the lower parts of its tributaries. 
After sample 23 was collected, the upper basin re- 
sponded actively and the lower 5 m of the basin 
played a more passive role. 
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This period was dominated by lateral movement in 
the lower main channel, and much sediment was 
flushed from storage in upper tributary channels. 
However, between samples 22 and 23, 26 and 27, and 
27 and 28, the lower main channel incised (possibly 
aiter waves of sediment migrated out of the basin). 
This incision was not accompanied by magnetite pro- 
duction because the system as a whole was still 
dominated by the erosion and transport of stored 
alluvium from the upper main channel and its tribu- 
taries. Between samples 18 and 28 the upper basin 
was completely flushed of lighter alluvium leaving 
magnetite deposits exposed on the bedrock channel 
bottom. 

This period of channel aggradation, transport of 
magnetite-poor sediment, and consequent magnetite 
storage was the direct result of the complex response 
of the basin. 

No observations of channel behavior could be made 
during the period of magnetite transport (samples 
30-33) because the run was made at night and the 
REF Jacks artificial illumination. However, at the 
end of the preceding period most tributaries had been 
flushed of lighter alluvium leaving magnetite as a lag 
deposit lying upon the bedrock channel bottoms. 
We postulate that declining sediment supply to the 
tributary channels caused scour into these magnetite- 
rich lag deposits. This pulse of high magnitite pro- 
duction was probably brief because these channels 
would rapidly cut into the underlying “barren” bed- 
rock where magnetite had not vet been concentrated. 
Some of the magnetite from this pulse was probably 
stored briefly in the alluvium of the main channel, 
but the declining sediment supply would progressively 
affect the channel downstream so that any deposition 
would be temporary and most of the sediment would 
be moved completely out of the lower channel. 

Magnetite storage returned to lower channel con- 
trol as the upper tributaries became adjusted to the 
base-level change and the lower channel shifted from 
the stage of complex response represented by Figure 
1C to the stage represented by Figure 1D (samples 
34-50). Samples 34 and 35 represent a period of 
lateral activity, undercutting of the scarps, and major 
bank caving. A braided channel filled most of the 
lower main channel valley. Between the collection of 
samples 36 and 37, lateral activity ceased and the 
main channel first narrowed and incised and then be- 
came braided again. 

During the final period (samples 38-50) the chan- 
nel was again dominated by lateral activity and re- 
mained braided. At this time the whole drainage 
basin was adjusted to the rejuvenation, and mag- 
netite storage was again controlled by local overload- 
ing of the channels. 


The formation of bedrock placer deposits and false- 
lottom placers in particular can be explained by the 
concepts described above (Schumm, 1977). Channel 
behavior is strongly influenced by the response of 
the drainage basin to external change (in this case 
rejuvenation) and to the crossing of internal thresh- 
olds. During periods of low scdiment supply the 
channel can scour and winnow the channel fill to 
bedrock and so concentrate any heavy minerals pres- 
ent in the channel fill. These concentrations may be 
on the bedrock surface or at an intermediate depth in 
the alluvium. Less extreme scour, as expected from 
the concepts of complex response and geomorphic 
thresholds, would imply only partial scour of the 
channel fill and the formation of false-bottom placers 
above the bedrock surface (e.g., Fig. 1D). Assuming 
some preexisting distribution of heavy minerals 
within the channel fill, the deeper the scour, and the 
more sediment reworked, the richer the deposit con- 
centrated on the scour bottom. Hence, the concen- 
tration of heavy minerals in a channel-fill deposit will 
generally increase downward to the bedrock, as ob- 
served in the field examples. 

The interpretive framework presented here shows 
that channel response to a single rejuvenation event 
results in a period of complex response. This com- 
plex response and the adjustment of the channel to 
internal thresholds result in the formation of multi- 
story placers. Similar multistory placers have been 
observed during channel aggradation following a rise 
in base level (Macke, 1977). A degrading channel is 
more favorable to the formation of rich placers, 
though the concepts of complex response and geo- 
morphic thresholds ensure that deposition in an ag- 
grading channel will be interrupted by periods of deg- 
radation and the formation of false-bottom placers. 
This may be the origin of placer deposits that occur 
high above the bedrock surface, such as those in the 
Ross gold field. 


Discussion 


Placer morphology : = shiek | 


In the present work, similarities between’ REF 
heavy mineral concentrations and natural, places 
were observed. For example, residual placers formed 
on the model uplands are comparable to the dispersed 
residual deposits that Krook (1968) considers might 
be held in situ by vegetation and later remobilized by 
a climatic change to enter the channels as a workable 
deposit. Four other placer types were also observed. 

Active channel placers: During pauses in the ex- 
periment when the channel was drained while it was 
degrading, magnetite concentrations were observed 
to form elongate pay streaks on the bedrock. During 
aggradation these deposits were covered by alluvium 
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Fic. 8. Magnetite concentrations in the active lower main 
channel with channel drained for mapping. Flow is toward 
viewer ; grid spacing 1 m. Arrow indicates regularly spaced 
scours. 


to torm buried concentrations, which were observed 
in the channel cross sections. 

Figtre’S shows several features of areal heavy 
mineral concentrations in the model channel. The 
photégraph*shows bedrock terraces with scant coarse 
alluvial. cover (left center), rhomboidal magnetite 
streaks are present at bottom center, and a series of 
regularly spaced scours and associated magnetite con- 
centrations are present at top center. The regular 
pattérn of scours was caused by the standing waves in 
the:channel that resulted from the shallow water 
depths and steep slopes in the model. Thus they, like 
those’ of Wertz (1949), are probahly confined to 
model studies and should not be considered to repre- 
sent field examples. 

Scour hollows occur at the confluence of tributaries 
in the model basin (Fig. 9). Mosley and Schumm 
(1977) suggest that these scours may be a preferred 
‘seation for placer deposits because scours are deepest 
at the confluence, and the position of the scour re- 
This 


promotes the reworking of sediment and concentra- 


Mains in approximately the same location, 
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tion of heavy minerals. Their work is supported by 
the occurrence of magnetite in the scours at a few 
confluences in the present work (Fig. 9). The pres- 
ence of scour hollows does not in itself ensure the ac- 
cumulation of heavy minerals, because the turbulence 
generated mav be sufficient to move both sediment 
and heavy minerals. 

Channel bedrock placers: Almost all channel Alls 
examined in the model basin showed magnetite con- 
centrations on the bedrock-alluvium contact (Fig. 7). 
These deposits ranged trom a thin veneer on bedrock 
to comparatively thick deposits that formed in the 
thalweg. 

Channel bedrock concentrations have been exten- 
sively worked and are the most widely cited in the 
literature. In the La Cholla area of Arizona, gold 
was found at 13 and 5 m above bedrock, but “the 
richest gold-bearing gravel occurs within a few inches 
of the bedrock” (Wilson, 1961, p. 30). In a second 
Arizona example, Schrader (1915) described placers 
in the Greaterville area in which the pay streaks were 
confined to narrow channels 2 to + m wide on bed- 
rock that widened and became more deeply buried 
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downstream. Cheney and Patton (1967) conclude 
from field evidence that the concentration of heavy 
minerals on or near the bedrock surface is axiumiatic. 

False-bottom fplacers: One feature observed in 
both this experiment and in studies by Macke 
(Schumm, 1977, fig. 7-32) is the presence of mag- 
netite concentrations within the channel fill. These 
have been widely recognized in natural deposits as 
false-bottom placers. Two placer deposits above the 
bedrock concentration were recognized in the Ex- 
celsior claim in the Sierra Nevada by Lindgren 
(1911, fig. 15). at S and JS m above the bedrock. 
Eight pay -jble levels separated by barren gravels were 
present in a 120-meter shaft that failed to reach bed- 
rock in the Ross gold field of New Zealand (Acheson, 
p. 119, in Galvin, 1906). These false-bottom placers 
may interrupt the rapid increase in value as the bed- 
rock is approached, as is. shown in a Yukon terrace 
gravel (Koch and Link, 1971, fig. 15.2). 

Terrace placers: During response to the base-Jevel 
drop the main channel formed many bedrock terraces 
that were later abandoned when the channel downcut. 
These terraces were covered by alluvium and con- 
tained heavy mineral concentrations similar to those 
described from the channel fill deposits. These con- 
centrations indicate that multiple terrace levels may 
have been formed by a single base-level drop. These 
terraces and placers correspond to the bench or ter- 
race deposits worked in many gold fields such as in 
the Sierra Nevada of California (gravels to 900 m 
above stream level) described by Lindgren (1911) 
and at Nome, Alaska (200 m above stream level; 
Lindgren, 1933, p. 230). 


Process model for placer formation 


The observations and results presented in this 
paper indicate that placer formation can be domi- 
nated by processes occurring in the fluvial system 
(Schumm, 1977). These processes may be classified 
into basin processes (dominated by complex re- 
sponse) and channel processes (dominated by geo- 
morphic thresholds). 

Complex response characterizes the rejuvenation of 
the experimental drainage basin. Initially, the lower 
main channel downcuts while the upper basin re- 
mains unaffected by the drop in base level. When 
knickpoints migrate into the upper basin, the lower 
main channel is flooded with excess sediment and ag- 
grades. Later, when the upper basin comes into 
equilibrium with the new base level, the lower main 
channel will again downcut until it is also in equi- 
librium. As this response occurs, magnetite is con- 
centrated in the channels and transported from the 
drainage basin. In general, when the lower. main 
channel is degrading, magnetite is in transport; when 


aggrading, the magnetite is stored in the alluvial fill. 

Superimposed upon this sequence of magnetite 
transport and storage are shorter periods of transport 
and storage that are controlled locally by internal 
thresholds. Channel behavior. in’ thé. ‘lower? ‘main 
channel can be divided. into periods dominated - by 
lateral cutting and periods * dominated: by vertical 
downcutting. These. alternating perigds can be.ex=_ 
plained by the concept ‘of intrinsic ‘thresholds. 
(Schumm, 1973). During periods of lateral” activity 
the channel is braided’or meandering (sinudus);: is: 
aggrading, and magnetite is being stored in the drain- 
age basin. During periods dominated by dow neutting 
the channel is straight or meandering (Jess: sinuous),* 
is degrading, and Resneuts 2 is Bais exported from? 
the drainage basin. a “2 rueby isk 

Three sources (response to ‘rejuvenation; notinaté 
bedload transport, and valley scarp collapse): cause: 
fluctuation in the sediment “transport rate, control: 
channel aggradation and degradation, ‘and dete?mine. 
channel slope, pattern, arid the type of channel ractiv~ 
ity. Channel activity, in‘turn, controls the storage or. 
transport of magnetite from the experimental basin 
and, hence, the formation or destruction of placers. 

The model presented here suggests that the com- 
plex.response to a single uplift will supply the multi- 
fold reworking of channel alluvium that is required: 
for placer formation. Thus, although basin rejuvena- 
tion may destroy existing placers, it creates a suit-. 
able environment for the formation of new placers.~ .4 

The conceptual model may be used to explain, 
placer deposits related to the Southern Alps of New. 
Zealand. - Despite rapid uplift.and modern erosion, of? 
gold-bearing schists, few of the short, steep rivers of 
South Westland carry workable placer deposits. 
Where present, these placers consist of small pockets 
of coarse “‘shotty” gold. Here channel slopes are 
too steep, and uplift too rapid, to allow the accumula- 
tion of much gold in the active channel. 

Rapid deposition of the erosion: products-occurs, in 
the fords left by: the’ glacial retreat,-but--again-.no :. 
workable deposits have‘been found in these.sediments : . 
Economic deposits are found only where sediments 
have been reworked into marine placers, for seeps: 
at Okarito and Gillespie Beach. : = 

The older sediments of the Ross: eat Feld were 
deposited in a similar environment, but here cen- : 
tinuous deposition was interrupted by: periodic. chan-- 
nel degradation and economic multistory placers were. 
formed. These false-bottom placers,: which are.at) 
least 120 m above bedrock, are most easily explained. 
by the concepts developed here. Ne 

Basin rejuvenation caused -by uplift: AS Rralay to 
that caused by a drop i in base level (as in the model). 
therefore, channels in’coastal areas cut during glacial 
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periods of low sea level might contain higher con- 

centrations of heavy. minerals than alluvium, which 

filled the channels during interglacial periods. Such 

submerged fluvial deposits have been worked for tin 

ore in-southeastern: Asia,-and some Alaskan coastal, 
placers may also be of a similar origin. 


Conclusions 


We hope that the results presented here will be of 
general interest to geologists and others involved in 
the understanding of fluvial placers. It should be 
stressed that the results of the model experiment must 
be interpreted qualitatively, and that some processes 
in the REF may not be comparable to natural situa- 
tions. This experiment has considered only a de- 
grading, rejuvenated basin and has not studied the 
associated depositional environment. The deposition 
of heavy minerals in an alluvial-fan environment was 
the subject of earlier experimental work (Macke, 
1977) in the REF. 

In this paper both field and model evidence have 
been used to establish a proposed interpretive frame- 
work (conceptual model) for the formation of 
placers. We lack the opportunity to test the model 
ourselves, and therefore it is our hope that this 
framework will be criticized, discussed, and tested. 


We conclude that: 

1. The REF provides an acceptable analog model 
for placer formation in a natural system; in both the 
REF and the natural system deposit morphology is 
similar. 

2. Complex response and the crossing of internal 
geomorphic thresholds can explain REF channel he- 
havior following basin rejuvenation. | 

3. Total sediment discharge after basin rejuvena- 
tion reaches a peak and then follows an exponential 
decay curve with superimposed fluctuations. Mag- 
netite discharge does not follow a decay curve but is 
released as a series of pulses. 

4. Only a portion of the magnetite released during 
the rejuvenation remained in the basin, but much of 
this was concentrated in the channel deposits. 

5. Basin rejuvenation may initially destroy exist- 
ing placers, but conditions following rejuvenation 
are favorable to the formation of new placers. 

6. Heavy mineral transport and storage and, thus, 
placer formation can be related to channel behavior. 

7. Placers form during alternate periods of mild ag- 
gradation and degradation that result from the ex- 
ceeding of the internal geomorphic thresholds which 
may follow rejuvenation. 

8. Multistory placers with valuable mineral con- 
centrations are favored by degrading channels but 
mav also form in aggrading systems. Multistory 
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placers are formed as the result of complex response 
and the crossing of internal geomorphic thresholds. 
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